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Summary  
Tuberculosis (TB) in children is a common infectious disease in the world affecting 
approximately 550 000 children annually and contributing to approximately 10-15% of the 
TB caseload. The estimate is that 75% of the children who have TB live in the 22 countries 
that have the highest burden of TB disease. In these 22 countries, the technology required 
to make the diagnosis and manage complicated cases is limited. The epidemiological data 
required to estimate the proportion of children with severe disease requiring intervention at 
a global level are lacking. 
Airway involvement is commonly seen in children with primary TB, but only in a small 
group of children the compression is severe, needing intervention. The incidence of 
children with airway obstruction requiring intervention due to primary TB in the 
chemotherapeutic era is not known. The incidence of complicated lymph node disease in 
two recent reports varied from 8-38% in children younger than 15 years of age.  
Flexible bronchoscopy (FB) is an invasive procedure performed under general anesthetic 
is used to assess the airways of children. Few studies have been published on the use of 
FB in the diagnosis of paediatric TB and most have concentrated on the use of 
bronchoscopy as an intervention for obtaining samples to diagnose pulmonary TB (PTB). 
All previous studies only examined broncho-alveolar lavage (BAL) for Ziehl Neelsen (ZN) 
positive organisms and mycobacterial culture. All the published studies are from 
developed countries with a very low incidence of PTB in children. It has been postulated 
that HIV positive children with TB are more likely to have airway obstruction, but this 
hypothesis has not been studied. The same is true for children infected with drug-resistant 
strains of tuberculosis. Similarly, there have been few reports on the correlation between 
the findings at bronchoscopy and those found on chest computer tomography (CT).   
The aim of this research project was to systematically determine airways involvement in 
childhood pulmonary TB and assess the role paediatric bronchoscopy plays in the 
diagnosis, sample collection and the management of severe airway obstruction.  
The first part of the thesis describes the bronchoscopic assessment of airway obstruction 
due to pulmonary TB in children, specifically concentrating on the areas of the airway 
involved and the severity of the obstruction. We investigated which factors determine the 
severity of airway obstruction and this included age, sex, HIV status and drug sensitivities. 
We have shown that there was no difference in airway obstruction in HIV positive children 
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and in children with drug resistance TB. More severe airway obstruction was seen in the 
younger child. 
The second question that was analysed is the value of flexible bronchoscopy in collecting 
samples for TB culture and drug sensitivity testing. It has previously been reported that 
BAL culture was inferior to gastric lavage in isolating the bacilli. We set out to evaluate 
which factors determine if a child will be culture-positive on BAL. Most childhood 
pulmonary TB is postulated to have a low yield of ZN positive cases. We found a higher 
yield from BAL as was previously reported, and the yield was increased if segmental or 
lobar pneumonia was present on the chest radiography. We developed novel interventions 
of finding the organism and increasing the yield from BAL. About 80% of children with PTB 
have enlarged subcarinal lymph nodes. We performed a trans-bronchial needle aspiration 
(TBNA) biopsy of these lymph nodes for culture. This technique enables us to differentiate 
the cause of enlarged mediastinal lymph nodes. This is especially important in children 
who are HIV positive, as they are prone to have other causes of enlarged lymph nodes. 
We successfully performed TBNA, even in very young infants, which resulted in a 
diagnostic yield of 55%. The use of Xpert has been described on other tissue, but not on 
BAL. We wanted to test if the use of Xpert on BAL is feasible in children, and determine if 
it will increase the diagnostic yield by using BAL samples.  
The third aspect of this research was to compare flexible bronchoscopy findings with those 
of chest CT scan finding. Firstly, the aim was to describe the CT scan findings of 
mediastinal glands and lungs in children with significant airway obstruction due to PTB. 
The second aim was to investigate how these two investigations of airway obstruction 
compared, with particular emphasis on their advantages and disadvantages. The areas of 
airway obstruction as well as the severity of the obstruction as determined by CT scan 
were very similar to the findings with bronchoscopy. The final part under this aspect of the 
study was to analyze airway shape using a computer model to asses if this could predict 
TB. This was done by extracting components of the airway surface mesh and branch 
radius and orientation features. This method showed the potential of computer-assisted 
detection of TB and other airway pathology by using airway shape deformation analysis. 
The fourth aspect investigated was to determine which children with severe airway 
obstruction would benefit from a surgical intervention. Surgical enucleation is done via a 
lateral thoracotomy in children with severe airway obstruction. We investigated which 
factors determine the need for surgical enucleation, the optimal timing of this intervention, 
Stellenbosch University  https://scholar.sun.ac.za
iv 
 
and – if surgical enucleation was done as an emergency intervention – which factors 
would predict for this. The combination of trachea, left main bronchus and bronchus 
intermedius involvement was the best predictor for children requiring surgical enucleation. 
Involvement of the smaller airway divisions did not play a significant role. Children needing 
enucleation were younger and had more severe airway obstruction.  
The fifth aspect of this thesis was to measure the outcome following surgical enucleation. 
Measurements used included clinical measurements, radiological measurements and 
bronchoscopy. The response in children treated surgically were compared to those treated 
medically by estimating airway size with flexible bronchoscopy. Both groups showed 
significant improvement with the magnitude of improvement greater in those surgically 
treated.  
We have demonstrated in this thesis that the site and severity of severe airway obstruction 
can be assessed by either bronchoscopy or chest CT scan. Approximately one third of 
children with severe airway compression due to TB lymph nodes can be successfully 
treated surgically with a low morbidity and mortality.   
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Opsomming  
Tuberkulose (TB) by kinders is wêreldwyd ’n algemene siekte wat jaarliks ongeveer 550 
000 kinders raak en sowat 10-15% van die algehele TB-siektelas uitmaak. Na raming kom 
75% van alle kinders met TB van die 22 lande met die hoogste TB-siektelas. Hierdie 22 
lande beskik oor beperkte tegnologie om die siekte te diagnoseer en ingewikkelde gevalle 
te bestuur. Die vereiste epidemiologiese data om te raam watter persentasie kinders 
wêreldwyd ernstig siek is en intervensie vereis, ontbreek ook. 
Lugwegaantasting word algemeen by kinders met primêre TB aangetref. Tog is die 
kompressie by slegs ’n klein groepie kinders so erg dat dit intervensie vereis. Die 
voorkoms van kinders in die chemoterapeutiese era met primêre-TB-verwante obstruksie 
van die lugweë wat intervensie vereis, is onbekend. In twee onlangse verslae het die 
voorkoms van gekompliseerde limfkliersiekte by kinders jonger as 15 jaar van 8% tot 38% 
gewissel.  
Buigbare brongoskopie is ’n indringende prosedure wat onder algemene verdowing 
uitgevoer word om kinders se lugweë te ondersoek. ’n Paar studies is reeds gepubliseer 
oor die gebruik van buigbare brongoskopie om pediatriese TB te diagnoseer. Die meeste 
daarvan het gekonsentreer op die gebruik van brongoskopie as intervensie vir die 
insameling van monsters om pulmonêre TB (PTB) te diagnoseer. Alle vorige studies het 
uitsluitlik ondersoek ingestel na brongo-alveolêre spoeling (BAS) vir die opsporing van 
Ziehl Neelsen- (ZN-)positiewe materiaal en vir kweking. Geen ander diagnostiese tegnieke 
is tot dusver ondersoek nie, wat die waarde daarvan vir populasies met ’n hoë siektelas 
beperk. Boonop is alle gepubliseerde studies in ontwikkelde lande met ’n baie lae 
voorkoms van PTB by kinders onderneem. Daar word aangevoer dat MIV-positiewe 
kinders met TB meer waarskynlik aan obstruksie van die lugweë sal ly, hoewel hierdie 
hipotese nog nie bestudeer is nie. Dieselfde geld vir kinders wat aan middelweerstandige 
vorme van TB ly. Daar is ook weinig verslae oor die verband tussen die bevindinge van 
brongoskopie en dié van rekenaartomografie (RT) van die borskas.   
Die doel van hierdie navorsing was om stelselmatig vas te stel hoe pulmonêre TB by 
kinders die lugweë aantas, en watter rol pediatriese brongoskopie in diagnose, 
monsterinsameling en die hantering van ernstige obstruksie van die lugweë speel.  
Die eerste deel van die tesis beskryf die brongoskopiese voorkoms van PTB-verwante 
obstruksie van die lugweë, met bepaalde klem op die aangetaste dele van die lugweg en 
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die erns van die obstruksie. Daar is ondersoek ingestel na watter faktore die erns van die 
obstruksie bepaal, onder meer ouderdom, geslag, MIV-status en middelsensitiwiteit. Die 
resultate toon geen verskil in obstruksie by MIV-positiewe kinders en kinders met 
middelweerstandige TB nie, hoewel ernstiger obstruksie van die lugweë by die jonger kind 
opgemerk is. 
Die tweede kwessie wat ontleed is, is die waarde van buigbare brongoskopie in die 
verkryging van monsters vir TB-kweking en toetse vir middelsensitiwiteit. Daar is voorheen 
aangemeld dat BAS-kweking minder doeltreffend is as gastriese spoeling om die basille te 
isoleer. Hierdie studie was daarop toegespits om te beoordeel watter faktore bepaal of ’n 
kind kwekingspositief met BAS sal wees. Die meeste PTB by kinders toon na bewering ’n 
lae opbrengs van ZN-positiewe gevalle. Tog het BAS in hierdie studie ’n hoër opbrengs 
gehad as wat voorheen aangemeld is, welke opbrengs hoër was met die aanwesigheid 
van segmentale of lobêre pneumonie op die borskasradiogram. Innoverende intervensies 
is ontwikkel om die organisme op te spoor en die opbrengs met BAS te verhoog. Sowat 
80% van kinders met PTB het vergrote subkarinale limfkliere. ’n Transbrongiale 
naaldaspirasie- (TBNA-)biopsie is gevolglik vir die doeleinde van kweking op hierdie kliere 
uitgevoer. Hierdie tegniek het die navorser in staat gestel om tussen die verskillende 
oorsake vir vergrote mediastinale limfkliere te onderskei. Dít is veral belangrik by MIV-
positiewe kinders, wat geneig is om ander oorsake vir vergrote limfkliere te toon. Die 
TBNA-biopsies is selfs by baie jong babas suksesvol uitgevoer, wat tot ’n diagnostiese 
opbrengs van 55% gelei het. Die gebruik van Xpert op ander weefsel as BAS is al 
voorheen beskryf. Die navorser wou dus vasstel of die gebruik van Xpert by BAS haalbaar 
is by kinders, en of dit die diagnostiese opbrengs deur die gebruik van BAS-monsters sal 
verhoog.  
Die derde aspek van hierdie navorsing was om die bevindinge van buigbare brongoskopie 
met dié van RT-skanderings van die borskas te vergelyk. Die doel was eerstens om die 
bevindinge van die RT-skanderings van mediastinale kliere en longe by kinders met 
beduidende PTB-verwante lugweg-obstruksie te beskryf. Tweedens wou die navorser 
vasstel wat die verskille tussen hierdie twee ondersoeke van lugweg-obstruksie is, met 
bepaalde klem op die voordele en nadele daarvan. Die RT-skandering en die bevindinge 
van brongoskopie lewer betreklik soortgelyke resultate op wat die aangetaste gedeeltes 
van die lugweg sowel as die erns van sodanige obstruksie betref. Die laaste doel onder 
hierdie studieaspek was om die vorm van die lugweg met behulp van ’n rekenaarmodel te 
ontleed om te bepaal of dit TB kan voorspel. Dít is gedoen deur komponente van die 
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lugwegoppervlaknetwerk en vertakkingsradius- en oriëntasiekenmerke te onttrek. Hierdie 
metode het daarop gedui dat rekenaargesteunde opsporing van TB en ander 
lugwegpatologie deur middel van ’n ontleding van lugwegvervorming wél potensiaal toon. 
Die vierde aspek was om te bepaal watter kinders met ernstige obstruksie van die lugweë 
by intervensie sal baat vind. By sulke kinders word chirurgiese enukleëring deur ’n laterale 
torakotomie uitgevoer. Die studie het ondersoek ingestel na watter faktore die behoefte 
aan chirurgiese enukleëring bepaal, wat die optimale tyd vir sodanige intervensie sou 
wees, en – indien chirurgiese enukleëring as noodintervensie uitgevoer word – watter 
faktore so ’n noodintervensie sou vereis. Die kombinasie van aantasting van die tragea, 
linkerhoofbrongus en brongus intermedius was die beste voorspeller van kinders wat 
chirurgiese enukleëring benodig. Aantasting van die kleiner lugwegverdelings het nie ’n 
beduidende rol gespeel nie. Kinders wat enukleëring vereis, was jonger en het aan 
ernstiger obstruksie van die lugweë gely.  
Die vyfde aspek van hierdie tesis was om die uitkoms na afloop van chirurgiese 
enukleëring te meet. Kliniese metings, radiologiese metings en brongoskopie is hiervoor 
gebruik. Die reaksie by kinders wat chirurgies behandel is, is vergelyk met diegene wat 
medies behandel is deur lugweggrootte met behulp van buigbare brongoskopie te raam. 
Albei groepe het beduidende verbetering getoon.    
In die studie het ons getoon dat die ligging en die erns van ernstige lugwegobstruksie kan 
geassesseer word deur óf brongoskopie of rekenaartomografie van die borskas. Ongeveer 
een derde van kinders met 'n ernstige lugweg-obstruksie weens TB limfkliersiekte kan 
suksesvol chirurgies met 'n lae morbiditeit en mortaliteit behandel word. 
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CHAPTER 1 
Introduction 
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Introduction 
During the last decade there has been a surge of interest in tuberculosis (TB) in children. 
In 2012 it was estimated that 82% of the approximately 8 million global cases of TB occur 
in 22 countries (high burden countries) and that 95% of the childhood TB cases live in 
these 22 countries. Furthermore, in 2012 the World Health Organization was able to 
calculate that 490000 children are annually treated for TB and that 64000 HIV uninfected 
children die from TB each year.1 This data was obtained from national TB programs and is 
probably an underestimate as not only do the current diagnostic tests perform poorly in 
children but there is also limited resource capacity available for the diagnosis and 
management of complicated childhood TB in these high burden countries.  
Pulmonary TB is the commonest clinical form of childhood TB and occurs in approximately 
80% of cases. The clinical form of pulmonary TB in children differs from that seen in 
adults.2 In children pulmonary TB is characterised by mediastinal lymph node enlargement 
and compression of the large airways by the enlarged mediastinal nodes.  
The commonest form of pulmonary tuberculosis in children is uncomplicated lymph node 
enlargement.3The incidence of children with airway involvement due to primary TB in the 
chemotherapeutic era is not known. In two recent reports the airway compression varied 
from 8-38% in children under the age of 15 years.3,4 Airway involvement, although 
relatively common in children, is seldom severe enough to warrant intervention for relief of 
airway obstruction.  
An understanding of the pathogenesis of primary TB enables one to explain the clinical 
and radiological presentation of airway disease. When the primary infection is not 
contained the infected lymph nodes adjacent to the large airways, particularly the bronchi, 
increase in size, compressing the airway and infiltrating the airway wall. The clinical and 
radiological pictures that arise depend on the degree of airway narrowing and lymph node 
ulceration into the airway. If the lymph nodes ulcerate into the airway the caseating 
material can be inhaled into either the lobe or a lung segment. There is an initial 
hypersensitivity reaction to the inhaled tuberculous material. As the obstruction of the 
airway by the ulcerating lymph node increases and becomes complete, the reaction 
changes from a hypersensitivity reaction to caseation and liquefaction of the lung tissue.4 
The reaction in the lung is an expansile process, which is recognized radiologically as an 
expansile pneumonia.4 These forms of TB are collectively called lymphobronchial 
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Flexible bronchoscopy (FB) is an invasive procedure performed under general anesthetic 
which is used to assess the airways of children. Only a few studies have been published 
on the use of FB in the diagnosis of pediatric TB 5,6 and most have concentrated on the 
use of bronchoscopy as a method for obtaining samples to diagnose pulmonary TB (PTB). 
All the published studies are from developed countries with a very low incidence of PTB in 
children. Bibi et al found that only 2 out of 80 children were culture positive on broncho-
alveolar lavage (BAL) and that the opening of the right main bronchus was the most 
common area of obstruction.7 De Blic et al evaluated 121 FB procedures in 54 children, 
aged between 3 months and14 years, who were suspected of having PTB.6 They reported  
that FB was important in the management of children  for the following reasons: (1) guided 
the use of adjuvant prednisone therapy, especially in the children with chest radiograph  
that were not suggestive of bronchial involvement; (2) indicated a need for the resection of 
granulation tissue by rigid bronchoscopy (three cases); and (3) guided the need for 
surgery (two children with persistent bronchial obstruction). Apart from these studies no 
other studies have systematically investigated the bronchoscopic findings of children with 
significant airway obstruction. There have also been no studies investigating TB airway 
involvement in children living with HIV or children with multidrug resistant TB. These 
studies reported on the yield from BAL but did not examine which factors determine 
whether or not a child will be culture positive on BAL. 
Similarly there have been very few reports on the correlation of airway involvement in 
childhood TB between FB and chest computed tomography (CT). Arlaud et al in a study 
have reported a poor correlation between FB and chest CT. The limitation of their study 
was that at FB half of their study population had no airway involvement and only 10/53 had 
severe airway obstruction. In this study FB lead to change in therapy in 13 cases (steroids 
n=12, bronchoscopic extraction of a granuloma n=1) and permitted to isolate 
Mycobacterium tuberculosis in 3 patients (5.7%). Of interest was that there was no 
correlation between FB findings and clinical features or chest radiography.  CT negative 
predictive value was 100% (95% confidence interval = 91- 100%). Based upon these CT 
results, FB could have been avoided in about 60% of patients.7  
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Study justification 
Most of the research on the involvement of airways in childhood TB has been done in TB 
low prevalence countries where most of the children present early in the course of their 
disease. There is very little research on the clinical presentation, bronchoscopic 
appearance and the outcome of children with severe airway obstruction of the airways due 
to TB node involvement.  
The aim of this dissertation is to evaluate the existing knowledge of TB node involvement 
of the airways, the bronchoscopic appearance and to describe the outcome of the children 
treated medically and surgically.  
Research question 
The clinical, radiological and bronchoscopic evaluation of children with severe airway 
obstruction of the airways due to TB nodes predicts which interventions are required to 
relieve the airway obstruction. 
Research hypothesis 
The outcome of children with TB node involvement of the airway resulting in severe airway 
obstruction is not influenced by the systematically applying interventions based on the 
degree of airway obstruction and can all be treated medically.  
Primary outcome 
The primary outcome is to determine which children require surgical intervention for 
severe airway obstruction  
Research setting 
A tertiary care children’s hospital in a high TB prevalence country in Africa.  
The research was carried out in a stepwise fashion with each step having specific aims: 
1. To examine the published literature on the involvement of the airways in childhood 
tuberculosis and evaluate the possible interventions to relieve the airway 
obstruction. 
This aim is addressed in chapter two. 
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2. To describe the bronchoscopic appearance of TB node involvement of the airways 
in children with severe airway obstruction. 
This aim is addressed in chapter three. 
3. Compare the accuracy of the radiological diagnosis of TB airway obstruction to 
those determined by flexible bronchoscopy in children. 
This aim is addressed in chapter four 
4. Develop computer models to assist in the detection of obstructed airways in 
computer tomography scans of the chest in children with TB. 
This aim is addressed in chapter five. 
5. Develop new diagnostic methods in children with severe TB lymph node obstruction 
of the airways. 
This aim is addressed in chapter six 
6. Determine the optimal management of children with severe airway obstruction due 
to TB node involvement of the airways. 
The aim is addressed in chapter seven  
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and after the enucleation. I approached the department of cardiac thoracic surgery with this idea 
and was responsible for collecting, analyzing the data and writing the article. The diagnostic yield 
from Broncho-alveolar lavage has always been less than from gastric washings. I tried to develop 
methods to increase diagnostic power of bronchoscopy by sampling tissue that have not been 
previously studied. I developed the concept of using transbronchial needle aspiration (TBNA) for 
the diagnosis of tuberculosis in children. This idea was developed after discussions with Prof C 
Bollinger as TBNA have been routinely used in the evaluation of adults with lung cancer but has 
not been used in pediatric patients. I developed the question of what the value of Gene Xpert on 
BAL would be in childhood tuberculosis. This study was carried out with Dr E Waters and myself 
being co-principle investigators.  
The radiological studies were evaluated by Prof Andronikou and Dr Lucas after we have managed 
these children and collected the data. The research question was to compare how this two 
investigations performed in childhood TB and if both investigations were needed in children with 
TB lymph node obstruction of the airways and if both were needed under which clinical 
conditions. The radiological articles were written in collaboration with these authors. I developed 
the idea of comparing MRI scan findings with CT scan findings; the reason for this is that due to 
the radiation CT scans cannot be used in the follow up management of airway complications. 
Previously very little data was available on the use of MRI in PTB.    
The part of the thesis covering the development of computer models to assist the detection of 
airway abnormalities from chest CT images was done in collaboration with Dr B Irving. After 
identifying the pattern of airway obstruction on bronchoscopy, the research question was 
developed whether similar images could be generated using chest CT scan data as Chest CT scan 
are more freely available. The advantage is that if accurate this investigation could be used in 
regions where chest CT was freely available but childhood bronchoscopy and paediatric radiologist 
were not.  This model would also serve as an independent measure to evaluate the accuracy of 
bronchoscopy. We have demonstrated that 3DVR has a good sensitivity and specificity when 
compared to bronchoscopy but this is a method that is time consuming and trained radiologist. I 
wanted to develop a model that can be used in any part of the world that after scanning 
generated computer images to aid in the management of childhood tuberculosis. 
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CHAPTER 3 
Bronchoscopic assessment of airway involvement in children 
presenting with clinically significant airway obstruction due to 
tuberculosis 
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Introduction 
Only a few studies have been published on the value of bronchoscopy in the diagnosis 
and management of pulmonary TB in children. Most of these studies have concentrated on 
the use of bronchoscopy as a method for obtaining samples to confirm the clinical 
diagnosis of pulmonary TB.1-6 The studies are limited by the fact that they have mostly 
been performed in developed countries, with a low annual incidence of TB, making the 
studies less applicable to the high burden TB countries. The value of bronchoscopy in the 
diagnosis of pulmonary TB in HIV infected and children with drug resistant TB have not 
been studied. The culture yield for Mycobacterium tuberculosis from bronchoalveolar 
lavage (BAL) is reported to be less than that obtained from gastric aspirates/lavages.1,5,7,8 
Previously bronchoscopy in pediatric tuberculosis suspects was used to collect specimens 
using especially BAL but did not taken into consideration the site and severity of airway 
involvement which are highly suggestive of TB especially in high prevalence regions. 
Goussard P, Gie RP, Kling S, Andronikou S, Lucas S, Janson JT, Roussouw GJ. 
Bronchoscopic assessment of airway involvement in children presenting with 
clinically significant airway obstruction due to tuberculosis. Pediatr Pulmonol 2013; 
48: 1000-1007. 
The aim of this study was to assess the site and severity TB lymph node involvement of 
airways in children with symptomatic airway obstruction by means of flexible 
bronchoscopy. A secondary outcome would be to compare airway obstruction in HIV-non-
infected and HIV-infected children as well as comparing the bronchoscopic findings in 
children with drug sensitive to those with drug resistant TB. Age was an important variable 
with more severe airway compression occurring in children younger than 24 months of 
age. There was no difference in the site and degree of airway involvement in both HIV-
infected and drug resistant cases. 
We have identified that bronchus intermedius is the most common site of lymph node 
compression. The other important sites of airway compression were the trachea and left 
main bronchus. There was a correlation between age younger than 24 months and the 
degree of airway obstruction (>75%) of bronchus intermedius (P = 0.02). Obstruction of 
the right and left lower lobe bronchi was rare in this study.  
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The yield from BAL was higher (44%) than previously reported even though 82% of 
children were on antituberculosis treatment prior to the bronchoscopy. Children with 
radiological evidence of pneumonia had a statistically higher yield from BAL when 
compared to children with TB lymph node compression alone (P = 0.002). In 49% of cases 
the lymph nodes had ulcerated into the airway but this was not associated with an 
increase in yield from BAL.  
Conclusion 
Bronchoscopy is important in the evaluation of the degree and site of airway compression 
due to lymph node enlargement in children with pulmonary TB. This study describes the 
major sites of airway compression in childhood TB: bronchus intermedius, left main 
bronchus and the trachea. Airway compression was more severe in children younger than 
24 months. Mycobacterium tuberculosis culture from BAL was higher than previously 
described and the yield higher when done from a region with pneumonia. Bronchoscopy 
does not only confirm the diagnosis but provides a functional and anatomical evaluation of 
the airway involvement in pulmonary TB which in addition to raising the suspicion of TB 
lymph node compression of the airway also guides treatment.  
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Bronchoscopic  images of airway involvement due to Tuberculosis 
 
 
Figure 1: External compression of the trachea with more than 75% narrowing of the lumen 
 
 
Figure 2: Compression of the opening of the left main bronchus with the medial 
compression due to enlarge subcarinal lymph nodes. 
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Figure 3 : Bronchus intermedius compression from both medial and lateral sides due to the 
subcarinal lymph nodes medial and the enlarge hiliar lymph nodes lateral. 
 
 
Figure 4 : Lymph nodes have herniated through the anterior wall of the trachea  
 
 
Figure 5 : Lymphnode have herniated into airway and caesating material is visible . 
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Figure 6: Bronchoscopic image taken from the left lower lobe bronchus demonstrating a 
very large cavity originating from a destroyed left lower lobe bronchus 
  
Figure 7: (a) Bronchoscopy demonstrates left sided fistula just below the carina. (b) 
Contrast study done with water-soluble contrast medium : demonstrating BOF to the left 
main bronchus 
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Figure 8: Bronchoscopic images of the right upper lobe bronchus of a child with right upper 
lobe expansile pneumonia. Tuberculosis granulomas is causing near complete obstruction 
of the bronchus. 
 
 
Figure 9: Bronchoscopy picture demonstrating a very swollen and enlarge carina due to 
enlargement of the subcarinal lymph nodes.  
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CHAPTER 4 
Comparing the radiological diagnosis of airway obstruction to the 
finding at flexible bronchoscopy in childhood tuberculosis  
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Introduction 
In middle-income countries computer tomography scan (CT-scan) of the chest may be 
more freely available than pediatric bronchoscopy. With the multi-detector CT scanner, it is 
possible to create a multiplanar reconstruction of the chest which, in turn is able to 
demonstrate of airway pathology due to TB mediastinal lymph node enlargement. Arlaud 
et al have reported that bronchoscopy and chest CT scan show the same localization of 
the abnormalities. The CT scan had a sensitivity of 100% to predict severe bronchoscopic 
involvement (> 50% extrinsic compression or obstructive endoluminal mass > 25% of 
lumen) with a specificity of 72%. The authors concluded that bronchoscopy could have 
been avoided in 57.7% of the cases if CT scans were done prior to bronchoscopy. These 
studies were performed on small numbers of children with minimal airway involvement. We 
performed a series of studies to examine the correlation between chest computer 
tomography scan and paediatric bronchoscopy in children with severe airway compression 
due to TB lymph node enlargement.  
Lucas S, Andronikou S, Goussard P, Gie R. CT features of lymphobronchial 
tuberculosis in children, including complications and associated abnormalities. 
Pediatr Radiol 2012; 42: 923-931. 
The aim of this study was to describe the features on CT scan of lymph node involvement 
of the airways in children with pulmonary tuberculosis, to document the parenchymal 
complications and to identify associated abnormalities. The study population was children 
younger than 13 years with known pulmonary tuberculosis and presenting with symptoms 
and signs of compression of large airways. All these cases had, in addition to the chest CT 
scan, a bronchoscopy performed. Bronchus intermedius (75%) was the commonest site of 
airway compression followed by left main bronchus (64%) and tracheal compression 
(62%). Bronchus intermedius was compressed by >75% in 47% of cases. The subcarinal 
lymph nodes were the commonest lymph node group involved (97%) Obstruction occurred 
more commonly and was more severe in infants (0-12 months). Parenchymal 
complications were present in 94% of patients. 
Andronikou S, van Wyk MJ, Goussard P, Gie RP. Left main bronchus compression 
as a result of tuberculous lymphnode compression of the right-sided airways with 
right lung volume loss in children. Pediatr Pulmonol 2014; 49: 263-268. 
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The aim of this study was to report pediatric cases of right-sided airway involvement in 
childhood TB with volume loss, demonstrate the use of angle measurements to quantify 
mediastinal dynamics and support a pathogenetic theory for left main bronchus 
compression. Contrasted chest CT scans of children (<13 years of age) with culture 
confirmed pulmonary TB and symptoms of airway compression were studied. Patients with 
right-sided hilar, subcarinal lymph node enlargement and right lung volume loss were 
retrospectively identified and included in this study irrespective of the presence of left main 
bronchus compression. The ‘‘Pulmonary bifurcation angle’’ between the main pulmonary 
arteries reached statistical significance (P = 0.025). The ‘‘Pulmonary outflow tract rotation’’ 
angle (pulmonary trunk with the midsagittal plane) approached statistical significance (P = 
0.078). In children with right lung volume loss from TB, the compression of the 
contralateral bronchus is due to narrowing of the pulmonary artery bifurcation angle as the 
main trunk rotates towards the midline.  
Du Plessis J, Goussard P, Andronikou S, Gie R, George R. Comparing three- 
dimensional volume-rendered CT images with fibreoptic tracheobronchoscopy in 
the evaluation of airway compression caused by tuberculous lymphadenopathy in 
children. Pediatr Radiol 2009; 39: 694-702. 
The aim of this study was to compare the site and degree of airway compression as 
determined by 3-dimensional volume-rendered CT scans (3-D VR) to those obtained by 
flexible bronchoscopy in children with airway compression due to TB lymph node 
enlargement. The study was performed in 26 children with endobronchial tuberculosis 
(median age: 21 months). The 3-D VR determined airway narrowing in children caused by 
TB lymph nodes with a sensitivity of 92% and a specificity of 85% when using 
bronchoscopy as the gold standard. The 3-D VR was less accurate when the airway 
obstruction was less than 50%. The added advantage of the 3-D VR was that in complete 
airway obstruction where access by bronchoscopy is limited 3-D VR can measure the 
length of the obstruction. 
Conclusions 
Chest CT scan findings in children with significant airway compression due to PTB 
correlate with bronchoscopy findings in children with airway narrowing due to TB lymph 
node involvement. Both demonstrate that bronchus intermedius is the most common and 
severely affected airway, especially in the young infant. The added advantage of CT scan 
is that additional information is gained concerning the characteristics of the enlarged lymph 
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nodes and the accompanying parenchymal complications. Both a chest CT scan and 
bronchoscopy require a general anesthetic. Although the chest CT scan findings 
correlated closely with findings at bronchoscopy we would recommend doing a 
bronchoscopy prior to the chest CT scan for the following reasons: there is no radiation 
risk, the specificity of bronchoscopy is higher and a bronchoalveolar lavage can be 
performed to confirm diagnosis in a percentage of cases. In regions where paediatric 
bronchoscopy does not exist, CT scan of the chest is a viable alternative.  
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CHAPTER 5 
Developing computer models to assist in detection of abnormal airways 
in CT scan images related to paediatric tuberculosis  
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Introduction 
Development of a computer based model to predict airway compression resulting from TB 
lymph nodes.  
Airway deformation and stenosis can be important indicators of chest pathology such as 
lymph node enlargement. In paediatric pulmonary TB where a key sign is lymph node 
enlargement many cases show signs of airway compression or deformation due to the 
enlarged lymph nodes.  
Bronchoscopy is currently seen as the gold standard for identifying signs of airway 
involvement with the limitation that the external cause of the airway compression cannot 
be determined by bronchoscopy. Studies have suggested that volume rendering of CT can 
be used as an alternative to bronchoscopy (du Plessis et al, 2009) solving a number of 
these issues.  
We have proposed an automated framework that detects and delineates the airways from 
CT volumes, detects the airway branching structure and performs individual branch 
measurements. (Irving et al, 2014). Bronchi correspondence is found for a dataset of 
paediatric training cases containing tuberculosis and non-tuberculosis cases. These cases 
are used to train statistical classification algorithms to automatically detect airway 
deformation. We call this method the local airway point distribution model (LA-PDM) and is 
used to automatically assess normal and pathological variation in local regions of the 
airway. These point distribution models are effective for capturing variation that can be 
more complex than just airway narrowing. A classifier is trained using both the types of 
airway variation and the clinical diagnosis of each airway to detect pathology in unseen 
cases  
This classifier is used to automatically distinguish between paediatric chest CT scans that 
are normal or have airway involvement related to tuberculosis. In addition, the type of 
abnormal changes to the airway is shown to the user.  
This LA-PDM method was developed using 89 training cases and evaluated on a 90 CT 
test set from Tygerberg hospital, where each set includes paediatric tuberculosis (TB) 
cases (with airway involvement) and non-TB cases (without airway involvement). The LA-
PDM was able to accurately distinguish cases with airway involvement with an AUC of the 
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ROC classification (and 95% confidence interval) of 0.87 (0.77–0.94) for the Trachea–
LMB–RMB region and 0.81 (0.68–0.90) for the RMB–RUL–BI region.  
Conclusions 
By developing and training computer based models to determine the patterns of airway 
compression we were able to show that this model could accurately predict the airway 
compression resulting from enlarged TB lymph nodes. This model needs to be tested in 
children who have airway narrowing or compression from other causes of pathology. 
Extensions of this method have been also proposed for 2D X-ray analysis (Irving et al, 
2013).  
Related publications 
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CHAPTER 6 
New diagnostic methods in children with lymph node obstruction of the 
airway 
Stellenbosch University  https://scholar.sun.ac.za
  106 
Introduction 
In this chapter three new techniques are described to enhance the diagnosis of pulmonary 
tuberculosis in children. 
Transbronchial needle aspiration biopsy 
Transbronchial needle aspiration (TBNA) has been used as a diagnostic technique in adult 
patients with enlarged mediastinal lymph nodes. The technique in adults has been shown 
to safe and effective in making a definitive diagnosis. There is however a significant risk of 
causing a pneumothorax during the procedure. The risk is reduced when central 
mediastinal lymph nodes are aspirated. In children the use of TBNA has been limited due 
to the size of the bronchoscope’s working channel preventing the introduction of the 
aspiration needle. In this section of the chapter we describe performing TBNA in children 
with enlarged central lymph nodes. 
Goussard P, Gie RP Louw M, Shubert P, Kling S, Nel ED, Rhode D,A Vanker A, 
Andronikou S. The diagnostic value and safety of transbronchial needle aspiration 
biopsy in children with mediastinal lymphadenopathy. Pediatr Pulmonol 2010; 45: 
1173-1179. 
The aim was to describe the diagnostic yield of TBNA in children with large subcarinal 
lymphadenopathy where the diagnosis of pulmonary TB could not be made by using 
conventional diagnostic tests and to determine the safety of TBNA in children. To limit the 
risk to children TBNA was only performed after chest CT-scan confirmed the presence of 
enlarged central mediastinal lymph nodes in children older than 6 months of age. Smaller 
children were excluded due to the limitations posed by airway size. A definitive diagnosis 
was made using TBNA in 54% of children with a median age of 41 months (range 9–168 
months). In 25% of cases the TBNA was the sole source of the specimens from which the 
diagnosis was made. There was no difference in the diagnostic yield in HIV-uninfected 
children when compared to HIV-infected children (P=0.69). No serious complications were 
encountered during or after the procedure.  
GeneXpert MTB/Rif assay 
The Gene Xpert MTB/RIF assay (Xpert; Cepheid, CA, USA) has enabled rapid diagnosis 
and detection of drug resistance in children with pulmonary tuberculosis. Previously, 
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bronchoscopy in paediatric TB suspects was used to collect specimens for mycobacterial 
culture using especially bronchoalveolar lavage (BAL). The reported yield from BAL culture 
has always been inferior to those obtained by gastric lavage. Children with complicated 
intrathoracic tuberculosis require a rapid confirmation of the diagnosis of TB and of drug 
susceptibility to institute appropriate therapy.  
Walters E, Goussard P, Bosch C, Hesseling AC, Gie RP. GeneXpert MTB/RIF on 
Bronchoalveolar Lavage Samples in Children With Suspected Complicated 
Intrathoracic Tuberculosis: A Pilot Study. Pediatr Pulmonol 2013; Dec 11. doi: 
10.1002/ppul.22970. 
The aim was to explore the value of GeneXpert as an add-on test to mycobacterial culture 
for the confirmation of TB in children suspected of having complicated intrathoracic TB. 
Children between 3 months and 13 years with complicated intrathoracic tuberculosis in 
which bronchoscopy were indicated, were investigated and a bronchoalveolar specimen 
collected during fibreoptic bronchoscopy. Fourteen children (2 HIV positive, median age 16 
months) were investigated. TB was confirmed in 11 cases (78%), by either culture or 
GeneXpert . In 9/14 (64%) cases were confirmed by culture and BAL Xpert was positive in 
7 cases (78% sensitivity). BAL GeneXpert confirmed 2 cases that had negative culture 
(14% additional diagnostic yield). BAL GeneXpert resulted in additional diagnostic yield in 
this study as well as the rapid detection of drug susceptibility in children with complicated 
intrathoracic tuberculosis 
Magnetic resonance scanning 
Children with complicated thoracic tuberculosis require advanced imaging to confirm the 
cause and extent of disease. Chest CT scan provides valuable information of not only the 
parenchymal tissue but also mediastinal lymph node involvement and their relationship to 
the large airways. High levels of radiation during chest CT scan remain a concern 
especially in young children. Magnetic Resonance Imaging (MRI) has been established as 
a radiation- free alternative to CT for several lung diseases. New MRI technologies now 
allow for fast scanning and better quality images to be collected and in addition 
complicated intrathoracic TB can be rescanned without increasing the radiation risk.  
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Peprah KO, Andronikou S, Goussard P. Characteristic Magnetic Resonance Imaging 
Low T2 Signal Intensity of Necrotic Lung Parenchyma in Children With Pulmonary 
Tuberculosis. J Thorac Imaging 2012; 27: 171-174. 
The aim of this pilot study was to demonstrate that necrotic areas of the lung, as shown on 
CT scanning in children with primary pulmonary TB, might be of low signal intensity on T2 
on MRI scanning. Chest CT scans of 6 children older than 6 years were compared to MRI 
Abnormalities included airspace consolidation in 6 children (100%); central necrosis in 6 
children (100%); nodules in 2 children (33.3%); and lymphadenopathy in 6 children 
(100%). Low T2 signals in the areas of necrosis were demonstrated in all 6 children 
(100%). Airspace consolidation demonstrated T2 high signal in all the children (100%). 
Lung parenchymal necrosis in primary pulmonary TB in children may be of low signal 
intensity on T2 and STIR magnetic resonance imaging. These findings need to be 
confirmed in larger studies.  
Conclusion 
Performing other investigations, other than just collecting samples for TB culture, enhance 
the diagnostic value of bronchoscopy in children suspected of having pulmonary TB. 
Transbronchial needle aspiration can be safely performed in young children with enlarged 
subcarinal lymph nodes. It is possible to perform GeneXpert MTB/RIFon BAL samples in 
children suspected of having TB and this may increase the diagnostic yield of paediatric 
bronchoscopy. MRI scanning has the potential to replace CT scans in future but further 
research is necessary.  
Further investigation is required to determine the value of GeneXpert MTB/Rif assay and 
MRI scanning in the diagnosis and management pulmonary tuberculosis in children.  
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CHAPTER 7 
Management of children with severe airway obstruction and the  
outcome 
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Introduction 
Management and outcome of children with severe airway obstruction due to 
tuberculosis lymph node compression of the large airways.  
Paediatric bronchoscopy plays an important role in determining the site and severity of 
airway obstruction in intrathoracic tuberculosis. The site and severity of the airway 
compression by enlarged TB lymph nodes determine which patients require medical or 
surgical treatment. The proportion of children with pulmonary tuberculosis requiring lymph 
node enucleation to relieve airway obstruction has been systematically investigated. A 
number of studies with small patient numbers have described the various procedures and 
complications that arise from the surgery to relieve TB lymph node compression of the 
airways. These studies did not evaluate the indications, the optimal timing for enucleation 
or determine which factors predicted for a surgical intervention.  
Goussard, P, Gie RP, Janson JT, le Roux P, Kling S, Andronikou S, Roussouw GJ. 
Enucleation of enlarged mediastinal lymph nodes due to Mycobacterium 
tuberculosis causing severe airway obstruction in children. (Submitted to The 
Annals of Thoracic Surgery, September 2014) 
The primary aim was to describe the indications and the effectiveness of lymph node 
enucleation in children presenting with clinical and radiological features of severe airway 
obstruction caused by TB lymph node enlargement. The secondary aims were to compare 
the indications for glandular enucleation in HIV-infected children and children infected with 
drug resistant Mycobacterium tuberculosis to those in HIV- uninfected children and those 
with TB caused by drug susceptible mycobacterium. An enucleation was done in 86 cases 
(34%). In 23 cases (27 %) the enucleation was done as an urgent procedure, within 14 
days of presentation, to relieve acute life threatening airway obstruction. The patients 
requiring enucleation were significantly younger (18 months vs 32 months) (p < 0,01) and 
more likely to have a positive Mantoux skin test (p =0.004). Culture positivity did not 
predict for enucleation (p = 0.6). The best predictors for lymph gland enucleation was 
airway compression (>75%) of either bronchus intermedius and/or the left main or 
significant airway narrowing of the combination of the trachea, bronchus intermedius and 
the left main bronchus. There was no significant difference in HIV status and drug 
susceptibility of the mycobacterial cultures when comparing patients. Lymph node 
enucleation resulted in a more rapid resolution of airway compression when compared to 
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medical treatment alone. Enucleation resulted in zero mortality and a low morbidity (8%). 
Most post-operative complications resolved spontaneously.  
Maydell A, Goussard P, Andronikou S, Bezuidenhout F, Ackermann C, Gie R. 
Radiological changes post-lymph node enucleation for airway obstruction in 
children with pulmonary tuberculosis. Eur J Cardiothorac Surg 2010; 38: 478-483.  
No study has investigated the change in the radiological picture post-enucleation. In this 
retrospective study of 21 paediatric cases that have undergone enucleation the chest 
radiological prior and subsequent to enucleation were compared. Resolution of bronchus 
intermedius stenosis and right lower lobe collapse/consolidation was the most consistent 
postoperative finding. In 43 % the mean time to resolution was 6.5 months postoperatively. 
The resolution of the complications of lymph node enlargement was more frequently seen 
than the resolution of the offending lymph node itself. 
Conclusion 
In children with severe airway obstruction due to TB lymph node enlargement 
approximately one third will need enucleation of lymph nodes. A significant number with 
life threatening airway obstruction require an urgent enucleation. Of the children with 
significant airway obstruction treated medical 27.7% have a poor response to treatment 
and require an enucleation. Severe obstruction (>75%) of the large airways (bronchus 
intermedius, left main bronchus and trachea) predict which children are at risk of requiring 
an enucleation. Enucleation results in significant relief of the airway obstruction and can be 
safely performed in children. Clinical, radiological and bronchoscopic outcome post 
enucleation is very good. The optimal duration of medical treatment prior to requiring an 
enucleation still needs to be determined.  
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Abstract 
Background: Large airway compression by enlarged tuberculosis (TB) lymph nodes results 
in life threatening airway obstruction in a small proportion of childhood. The indications, 
safety and efficacy of lymph node decompression by enucleation are not adequately been 
described.  
Aim: The aim of the study is to refined the indications and efficacy of TB lymph node 
enucleation in children with severe airway compression and determine the factors which 
influence the indications and outcome. 
Patients and methods: In prospective cohort children (3 months-13 years) children with life 
threatening airway obstruction resulting from TB lymph node compression of the large 
airways attending a tertiary hospital were enrolled.  The site and degree of airway 
obstruction were assessed by fibreoptic bronchoscopy and chest CT-scan. 
Results: Of the 250 children enrolled 34% (n=86) required transthoracic lymph node 
enucleation, 29% as an urgent procedure and 71% (n=63) after failing one month’s anti-
tuberculosis treatment that included glucosteroids. Greater than 75% obstruction of 
bronchus intermedius (OR 2.28 95th CI 1.29- 4.02) and left main bronchus (OR 3.34 95th CI 
1.73-6.83) where the best predictors for enucleation. HIV status, drug resistance, and 
malnutrition were not associated with enucleation. For enucleation there were few 
complications (self-limiting) (8%) or treatment failures (2%), and there were no fatalities. 
Conclusion: In childhood TB severe airway obstruction caused by enlarged lymph nodes 
decompression via transthoracic enucleation is required in a third of cases. This procedure 
can be safely performed with low complication, failure and fatality rates.  
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Introduction 
Surgery for acute pulmonary tuberculosis (TB) is rarely performed in children. There is 
however a small group of children who present with life threatening airway obstruction due 
to airway compression by enlarged lymph nodes caused by Mycobacterium tuberculosis. 
Transthoracic surgical decompression (enucleation) of the enlarged mediastinal lymph 
nodes is required to relieve the airway obstruction. The proportion of children with 
pulmonary tuberculosis requiring enucleation of the lymph nodes to relieve airway 
obstruction has not been reported. There have been a number of small studies describing 
the procedure and complications that arise from the surgery1- 7. These studies did not 
evaluate the indications for enucleation or the optimal timing for the intervention. A definite 
indication for enucleation is children requiring assisted ventilation due to critical airway 
obstruction. While relative indications include acute perforation of a lymph node into the 
airway with accompanying respiratory failure, obstruction of major airway resulting in lung 
or lobar collapse, a ball- valve effect with unilateral hyperinflation, permanent bronchial 
stenosis, superior vena cava obstruction and subcarinal oesophageal obstruction. These 
indications have not been tested in a prospective clinical trial and the degree of airway 
obstruction requiring surgery has not been determined. Surgical intervention to relieve 
airway obstruction is thought to prevent damage to the underlying lung parenchyma 
preventing bronchiectasis and recurrent lower respiratory tract infections 8- 10 
The primary aim of this study is to describe the indications and the effectiveness of lymph 
node enucleation in children presenting with clinical and radiological features of severe 
airway obstruction caused by TB lymph node enlargement. The secondary aim is to 
compare the indications for glandular enucleation in HIV-infected children and children 
infected with drug resistant Mycobacterium tuberculosis to those in HIV- uninfected 
children and those with TB caused by drug susceptible mycobacterium.  
Patients and methods: This prospective, cohort study was done from January 2004 to 
December 2011 at Tygerberg Children’s Hospital, Western Cape, South Africa. The study 
population and methods have been described in detail in a recently published paper.11 
Briefly, all children between the ages of 1 month and 13 years admitted to the hospital with 
clinical and radiological signs of severe airway obstruction were investigated and those 
with airway obstruction caused by TB lymph node compression of the airways enrolled in 
the study. Children were excluded if the lymph node compression of the airways was 
asymptomatic, not caused by Mycobacterium tuberculosis, or if there was a 
contraindication to fiber-optic bronchoscopy or general anesthetic. All participants 
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underwent HIV testing with appropriate pre- and post-test counseling. Other tests routinely 
performed were a Mantoux skin test, chest radiography and gastric aspirates for 
Mycobacterium tuberculosis culture and drug susceptibility testing. A fiber optic 
bronchoscopy under general anesthetic was performed in the bronchoscopy theatre to 
determine the site, degree and extent of the airway obstruction. During the fiber optic 
bronchoscopy the divisions of large airways were systematically examined and all sites of 
airway narrowing recorded. The degree of airway narrowing was estimated for each site. 
Bronchoalveolar lavage (BAL) samples were collected, from the site of greatest 
involvement, and transbronchial needle aspiration biopsies were collected for 
Mycobacterium tuberculosis culture and susceptibility testing as indicated.12 Complications 
of the fiber optic bronchoscopy or anesthetic was recorded.  
Children with life threatening airway obstruction requiring intubation and ventilator support 
prior to bronchoscopy were investigated in the paediatric intensive care unit using the 
same protocol.  
The children diagnosed with TB were treated according to internationally recognised 
protocols and drug dosages. During the intensive phase of 2 months 4 anti-tuberculosis 
drugs (isoniazid 10mg/kg/day, rifampicin 10mg/kg/day, pyrazinamide 25mg/kg/day and 
ethambutol 20mg/kg/day) were given daily followed by the consolidation phase of 2 drugs 
(isoniazid and rifampicin) for 4 months. If multidrug resistant tuberculosis was either 
suspected or confirmed 5-6 drug treatment was prescribed for 18-24 months according to 
World Health Organization recommendations. All cases of significant airways obstruction 
(>50%), as estimated at bronchoscopy, were given prednisone (2mg/kg/day) for 30 days 
and then weaned. 
 
The children were followed up after 1 month’s treatment and re-evaluated. If the child had 
significantly improved as assessed clinically and radiologically medical treatment was 
continued. If however the child remained symptomatic and/or the chest radiological image 
showed no improvement the child was scheduled to have a second bronchoscopy. The 
second bronchoscopy was carried out in the same systematic way as the first 
bronchoscopy under general anesthetic. 
Children with airway narrowing less than 75% of the airway caliber were continued on 
antituberculosis treatment while enucleation considered in those with a greater degree of 
airway obstruction.  
 
The indications for enucleation used in this study were: 
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1.  Children with severe life threatening airway obstruction requiring ventilation for 
respiratory failure due to TB lymph node obstruction of the airways.  
2. Children with critical airway obstruction as accessed at the initial bronchoscopy 
where the airway obstruction of both the main bronchi or trachea was greater than 
90%.  
3. Children with severe airway obstruction who after one month’s medical treatment 
who at bronchoscopic re-evaluation still had airway obstruction of one or both main 
bronchi of greater than 75%.  
The children with significant parenchymal disease of the right upper lobe, especially those 
with expansile pneumonia, were not considered for transthoracic enucleation as the right 
upper lobe needed to be collapsed to perform the transthoracic enucleation. This posed an 
additional risk to the child during anaesthesia. These children were treated for an 
additional month and then re-evaluated. If the pneumonia had improved and significant 
airway compression (>75%) was still present enucleation was then performed. 
All the children requiring surgery had a chest computer tomography performed under 
general anaesthetic prior to the enucleation to enable planning of the surgery.  
 
Mediastinal node enucleation 
Anesthetic technique 
After a gas induction with sevoflorane endobronchial intubation of the non-operative side 
was attempted unless bronchoscopy revealed intraluminal node erosion. Complete lung 
separation was seldom achieved. Compression of the exposed lung during surgery 
resulted in profound desaturation, particularly where the dependent lung was significantly 
diseased. Increased FiO2 , PEEP (2-5 cmH2O) and shortened surgical access time were 
used to manage the problem. When these failed frequent lung re-inflation was required to 
maintain oxygenation (arterial saturation > 85%). Intraluminal bleeding seldom occurred 
but airway plugging due to caseous necrotic material obstructing the airway was a frequent 
problem. The airway plugging was resolved by suction of the endotracheal tube.  
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Operative technique: 
The pre-operative chest CT- scan was used to determine the site of the mediastinal lymph 
nodes required enucleation to relieve the airway obstruction. 
A muscle sparing small right thoracotomy through the 4th or 5th intercostal space was the 
most common access used in children with airway compression of the distal trachea, right 
main bronchus, bronchus intermedius and proximal left main bronchus. The right upper 
lobe was gently compressed to expose the mediastinum. The capsule of the node was 
opened using a cautery with care taken not to injure the esophagus, vasculature or nerves. 
A sucker and/or forceps were used remove the nodal contents which varied from a cold 
abscess with pus to fleshy glandular tissue. Communication between the paratracheal 
nodes and subcarinal nodes was frequently observed. The subcarinal nodes were drained 
separately. The whole node was not removed since attempting this could injure the 
surrounding structures. 
Where the mediastinal nodes had ulcerated into the airway an air leak sometimes resulted. 
This was dealt with by suturing the capsule of the lymph node. No additional measures 
were taken as air leaks usually sealed within 1 or 2 days. No sutures were placed in the 
eroded trachea or large airways as this could possibly lead to bronchial stenosis.  
Isolated left main bronchus obstruction was uncommon and was dealt with via a left 
thoracotomy. The mediastinal pleura was opened over the aortopulmonary window and 
the aortopulmonary node and subcarinal nodes enucleated. If the bronchus was 
compressed between the left pulmonary artery and descending aorta, the ligamentum 
arteriosum was divided and a posterior aortapexy of the descending aorta performed. 
The lung was expanded before closure and a single intercostal drain inserted.  
Postoperatively early extubation and spontaneous ventilation was aimed for in all the 
patients. All children, even those extubated in theatre, were admitted to pediatric intensive 
care for respiratory support, monitoring and analgesia. 
 
Pain management included: epidural analgesia and intravenous paracetamol or morphine. 
Chest radiographs were routinely performed after surgery to exclude surgery related 
complications. The intercostal drain was removed after 24 hours if there was no sign of a 
persistent air leak. Surgical complications together with the need for ventilation, the 
duration of ventilation as well as the duration of PICU and hospital stay were recorded. 
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Patients were continued on their antituberculosis regimen and followed up after 1 month. 
Any children with symptomatic airway obstruction or a worsening chest radiograph were 
re-admitted and clinically re-evaluated. If there were signs of significant airway obstruction 
the child underwent additional fibreoptic bronchoscopy. 
   
 Data analysis was performed using SAS (Statistical analysis system) version 9.1 (SAS 
Institute Inc., Cary, North Carolina, USA). Cross tabulations with the Chi-square test for 
comparing categorical variables, and one-way ANOVA for comparing means between 
groups was used. 
 
Informed consent for the procedures were obtained from the parents or legal caregivers. 
The Human Research Ethics Committee of the Faculty of Health Sciences, Stellenbosch 
University (N10/08/282), approved the study. 
 
Results: 
Two hundred and fifty patients were enrolled (male: 58%) with a median age of 14 months 
(range: 2-156 months) and a median weight of 8.5kg (range 2.7-39 kg). Fifty percent were 
below the 3-percentile weight for age. Forty-one (16%) were HIV positive of whom 56% 
were stage 3 (WHO classification). In addition to the airway obstruction 92 (37%) had 
radiological features suggestive of pneumonia. Of those with pneumonia 56 (78%) had a 
radiological picture compatible with expansile pneumonia.  
The Mantoux skin test was positive in 62% (>10mm induration) and Mycobacterium 
tuberculosis was cultured from 194 (77.6%) cases. In nineteen cases both the culture and 
Ziehl Neelsen stain were positive. Drug susceptibility testing was conducted on 178 (91%) 
cultures of which 28 (16%) were drug resistant. Of the drug resistant cases 13 were mono-
resistant, 12 multi-drug resistant and 2 multiple drug resistant. Extensive drug resistance 
(XDR TB) was present in one case.  
Bronchoscopic findings: 
At bronchoscopy compression of the large airways by lymph nodes, exterior to the airway 
lumen, occurred in 242 (97%) of the cases. Glandular ulceration into the airway lumen 
without airway compression was present in 3% (n = 8). In 49% of cases the airway 
compression was complicated by glandular ulceration into the airways with the right side 
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involved in 64%. The main sites of airway compression were tracheal compression (56%), 
right bronchial tree (56%) and the left bronchial tree (66%). Both bronchi trees were 
narrowed in 53% of patients. Bronchus intermedius (78%) was the commonest site of 
airway narrowing on the right while on the left side it was the left main bronchus (64%). 
Bronchius intermedius was compressed from medial and lateral in 95% of cases implying 
compression between the enlarged hilar and subcarinal lymph nodes.  
Only one adverse event, worsening airway obstruction, occurred during bronchoscopy 
requiring admission to the PICU. 
Urgent lymph node enucleation: 
Enucleation was done in 86 cases (34%). In 23 cases (27 %) the enucleation was done as 
an urgent procedure within 14 days of presentation to relieve acute life threatening airway 
obstruction. The mean duration of treatment prior to enucleation in the urgent group was 
13 days (range: 1 – 157 days) which was significantly shorter than those requiring a 
planned enucleation 62 days (range 15 – 173 days) (p< 0.01). Comparing those requiring 
an urgent enucleation to those having a planned enucleation there was no significant 
difference in age, sex, weight, serum C-reactive protein, blood white cell count, HIV status 
and drug susceptibility of the mycobacterial cultures. Of interest was fact that there was no 
significant difference between the urgent compared to the planned enucleation groups 
regarding the sites and the degree of airway obstruction as determined at bronchoscopy or 
the presence of lymph nodes ulcerating into the airways. Multivariant analysis using a 
combination of the airways showed no difference in the site or degree of airway 
obstruction implying ill-defined lung pathology that contributed to the severity of airway 
obstruction. 
Of the 22 children requiring ventilator support on admission 10 (45%) required an 
enucleation. This proportion was not different from the children not ventilated on admission 
that required enucleation. 
Non-urgent lymph node enucleation: 
Of the remaining 227 patients who were treated medically a single bronchoscope was 
performed in 135 cases and a second bronchoscope required in 92 (40%) cases following 
1 month of medical treatment. Of the 227 patients treated medically 63 (27.7%) required 
transthoracic enucleation. Of the 63 patients requiring enucleation 52 showed no clinical or 
radiological improvement in spite of 1 month’s medical treatment and still had severe 
airway obstruction. A further 92 cases had shown clinical improvement but still had 
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symptomatic airway obstruction or had no radiological improvement and were subjected to 
a second bronchoscopy. Of the 92 cases that underwent a second bronchoscopy 11(12%) 
met the criteria for enucleation while in 81 the obstruction was less than 75% and they 
were continued on their medical treatment. In total 164 (66%) responded successfully to 
medical treatment. The mean duration of time between the initial scope and the second 
bronchoscope was 34 days (range 4 - 186 days). In those requiring a second 
bronchoscopy (n=92) a BAL sample for Mycobacterium tuberculosis culture was available 
in 83 (90%) cases. In spite of being adherent to treatment 14 (17%) were still culture 
positive although drug susceptible.  
Factors predicting for lymph node enucleation: 
The degree and sites of airway obstruction predicting enucleation is shown in Table 1 and 
2  
Left main bronchus (OR 2.28 (95th CI:1.29 – 4.02) and bronchus intermedius obstruction 
(OR 3.34 (95th CI:1.73 – 6.83) of greater than 75% were the best predictor for enucleation 
(Table 3). The combination of trachea, bronchus intermedius, left main bronchus 
obstruction also predicted for enucleation (Table 3) Lymph node ulcerating into the airway 
was not a predictor for enucleation. 
The patients requiring enucleation were significantly younger (18 months vs 32 months (p 
< 0,01) and more likely to have a positive Mantoux skin test (p =0.004). Malnutrition 
(weight below 3rd percentile for age) and contact with an adult infectious case, specimen 
smear positivity for ZN bacilli and culture positivity did not predict for enucleation (p = 0.6). 
Specimen culture results and the requirement for enucleation are shown in Table 3. The 
presence of an expansile pneumonia did not predict for enucleation (Table 4).  
HIV infected and children with drug resistant tuberculosis: 
There were 41 children that were HIV positive with a mean blood CD4 count of 1397/ul. 
The number of HIV positive children 13 (32%) requiring enucleation did was not 
significantly different from HIV negative children. Similarly in the 28 children with drug 
resistant TB 8 (29%) required an enucleation which was not significantly differently from 
children with drug susceptible TB. 
Postoperative care: 
Postoperative ventilation was required in 41 (47%) children. The median duration of 
ventilation was 0.5 hours (range 0 – 336 hours) and the median postoperative stay in the 
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pediatric ICU was 1 day (range 1 – 34 days). The median duration of stay in the PICU for 
those initially requiring an urgent enucleation was 3.4 days compared to the 1 day for 
children requiring a non-urgent enucleation. The median duration of hospital stay post 
surgery was 5 days (range3 – 58 days). 
Treatment failures: 
There were 2 treatment failures in this study. The one child had persistent severe airway 
obstruction and required a second enucleation 2 months after the initial enucleation. The 
second child had persistent severe tracheal compression following the enucleation 
requiring a tracheostomy for prolonged ventilation.  
Postoperative complications:  
Surgery related complications were seen in 7 cases (8%) that included: pneumothorax 
after removal of the intercostal drains (n = 3), chylothorax (n = 3) and broncho –
oesophageal fistula (n=1). The three persistent air leaks resolved spontaneously after the 
insertion of an intercostal drain. The chylothoraces were self-limiting needing no further 
surgical intervention. The broncho-oesophageal fistula was probably related due to 
surgery and was surgically repaired without any long-term consequences. There were no 
bronchus or pulmonary vasculature tears, nerve injuries. No lobectomy or pneumonectomy 
were required.  
Response to surgical treatment: 
Children (n= 70) had a bronchoscopy following the enucleation. The results of this follow-
up bronchoscopy are given in figure 1. This group (n=70) are compared to the children 
who were treated medically had a follow-up bronchoscopy (n=92) during the course of 
their treatment. The median duration of time between the initial bronchoscopy and the 
follow–up bronchoscopy was 33.5 days. When comparing the group requiring the 
enucleation to the group treated medically both groups showed a significant improvement 
when compared to the original bronchoscope. The degree of improvement was the largest 
in the group that had enucleation performed with both the enucleation and medical treated 
groups reaching similar endpoints regarding bronchial lumen diameter. (See Figure 1) 
Long-term follow up and consequences: 
During follow-up after 6 months on treatment (n = 165) 6 children developed 
bronchiectasis with 5 cases occurring in the medically treated group. (p = 0.3) Three of the 
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cases that developed bronchiectasis were HIV positive. Two children developed a 
broncho-oesophageal fistula between the left main bronchus and the oesophagus. The 
fistula was associated with lower lobe bronchiectasis in both cases. Of the 6 children with 
bronchiectasis two were severely symptomatic requiring a lobectomy. The one child had a 
right middle and right lower lobe lobectomy but remained symptomatic. The other child had 
left lower lobe bronchiectasis that was complicated by an acquired broncho-esophageal 
fistula. This child remained asymptomatic following a left lower lobe lobectomy.  
Discussion 
In this prospective cohort study of 250 infants and children who presented with severe 
airway obstruction due to lymph node compression of the large airways transthoracic 
enucleation of the lymph nodes were required in 34% of cases. Of the cases requiring 
enucleation 27% were required within the first 14 days of presentation to relieve life 
threatening airway obstruction. Of the patients treated medically 27.7% required 
enucleation one month after being enrolled as their severe airway obstruction had failed to 
respond to treatment. Short-term operative and postoperative complications occurred in 
8% of cases. HIV infected children and children with MDR TB did not have an increased 
risk of requiring enucleation.  
There is little written about the indications for transthoracic lymph node enucleation. 
Although there are a wide range of indications suggested in the literature in this cohort of 
250 cases only 2 situations required enucleation: acute life threatening airway obstruction 
and chronic airway obstruction that failed to resolve after a month of medical treatment 
that included oral steroids. Other indications in the literature include superior cava 
syndrome, esophageal rupture and bronchial stenosis but these did not occur in this 
cohort.5  
The best predictor for lymph node enucleation obstruction of both bronchus intermedius 
and the left main bronchus of greater than 75% or if there was significant airway narrowing 
of the trachea, bronchus intermedius and the left main bronchus. It was surprising that 
lymph node ulceration into the airways did not predict for enucleation in spite being 
present in 49% of the cases. One could postulate the as a result of the ulceration of the 
lymph node into the airway decompression occurred spontaneously. When comparing the 
degree and site of airway narrowing in children requiring an urgent enucleation to those 
who had a planned enucleation after failing medical treatment there was no difference. 
The most probable explanation is that those requiring an urgent enucleation had additional 
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pathology that precipitated the respiratory failure requiring admission. In previous studies 
up to 66% of those requiring enucleation were being ventilated 5. This study of the 22 
children being ventilated only 10 of these cases required urgent enucleation. The 
indications for enucleation remained the same for those being ventilated as for those not 
ventilated with greater the 90% obstruction of bronchus intermedius and left main 
bronchus being the commonest indication.  
What predisposes some children to develop severe airway obstruction remains unclear. It 
is a well-known fact that young children develop more severe airway obstruction probably 
due to the size and compliance of the airways.13 Children requiring enucleation were more 
likely to have positive Mantoux skin test suggesting an up regulated immune response but 
indicators of severe disease like culture or smear positivity were not statistically more 
common in the enucleated group. Similarly, malnutrition, HIV infected children and MDR 
TB known predictors of severe disease were however not predictors for severe airway 
compression requiring enucleation.  
Previous studies have not systematically investigated the site and degree of airway 
obstruction. The sites and degree of airway involvement is in keeping with the findings of 
computer tomography studies on TB lymph node enlargement in children. In a recent 
study the commonest sites of airway compression where bronchus intermedius (75%), left 
main bronchus  (64%) and trachea (62%).14 Both Andronikou and Lucas et al have also 
reported that subcarinal nodes are the most commonly enlarged lymph nodes seen on CT 
scan in children with PTB, ranging from 92 – 100%. 14,15 Enlargement of the subcarinal 
lymph nodes contributes to compression of both bronchus intermedius and left main 
bronchus and is an important group of lymph nodes to decompress during surgery. This 
explains why most of the children had a right thoracotomy as this allows easier access to 
the subcarinal lymph nodes.  
The outcome of children requiring enucleation was excellent with only 2% treatment failure 
and no deaths in this cohort. Short-term complications which included pneumothorax and 
chylothorax were all managed conservatively. Serious complications previously reported 
which included bronchial tear and pulmonary artery laceration were not experienced 
probably due to the surgical technique. Opening the capsule of the node and curettaging 
or sucking out the contents of the node decompressed the involved lymph nodes. No 
nodes were surgically removed. Long-term complications included bronchiectasis (3.5%) 
and broncho-esophageal fistula (1%). Both these complications have been previously 
described in studies with a limited number of patients. 6 Our study was also not powered to 
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determine if early enucleation prevented bronchiectasis. An interesting observation was 
that five of the six cases of bronchiectasis occurred in children who did not have an 
enucleation although the resulting lumen was similar in the enucleation and medically 
treated groups. This suggests that bronchial stenosis was not the cause of the 
bronchiectasis.  
Although this is a large cohort there are a number of limitations to this study. Firstly 
children were not randomized to receive enucleation or be treated medically as this was 
thought to be unethical although there are no studies to support this contention.  This 
study was carried out in a region with a high prevalence of HIV and MDR TB. In spite of 
this we were only able to include a limited number of children who were living with HIV or 
who had MDR-TB. Due to the limited numbers we could underestimate the effect of these 
2 conditions. It could also be argued that if the medical treatment was continued for a 
longer period less children would have required surgical intervention. Finally, we were only 
able to follow up 66% of the enrolled patients due to logistical reasons, mainly transport. 
This could lead us to incorrectly underestimate estimate the long-term complications of this 
form of management.  
In this large cohort of children with severe airway obstruction due to tuberculous lymph 
node obstruction of the airways 34% required enucleation to relieve the obstruction. 
Enucleation for life threatening airway obstruction was required in 27% and the remaining 
73% after failing one month of medical treatment. Transthoracic enucleation was highly 
successful relieving the airway obstruction in 98% of cases with a low morbidity and no 
mortality. The investigation and management of severe airway obstruction requires 
sophisticated facilities that are not available to children in Africa and South East Asia 
where the majority of childhood TB occurs. Surrogate markers are required to simplify the 
management of this life threatening complication of childhood TB.  
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TABLE 1 - The site and degree of airway obstruction predicting enucleation 
Site of the 
obstruction 
Mean % of 
obstruction of 
airway 
Enucleation no Enucleation yes p- value 
Trachea  49% (n = 84) 47% (n = 58) 53% ns 
Left main 
bronchus 
 60% ( n = 92) 56% (n = 64)65% <0.01 
Bronchus 
intermedius 
 73% ( n = 107) 65% ( n = 71) 84% < 0.01 
Right main 
bronchus 
 72% ( n = 18)70% ( n = 15) 74% ns 
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TABLE 2 - The sites of airway involvement predicting enucleation 
Airway involvement Enucleation 
no 
Enucleation 
yes 
OR 95% CI p - value 
Right side involvement) 
Present (n= 212) 
Absent (n = 38)  
 
132 
32 
 
80 
6 
 
3.23 (1.34 – 
7.77) 
 
0.005 
 
Left side involvement  
Present (n= 164) 
Absent ( n = 86 )  
 
98 
66 
 
66 
20 
 
2.22 (1.24 – 
3.95) 
 
0.004 
Both right and left 
involvement  
Present ( n = 132) 
Absent ( n = 118) 
 
73 
91 
 
59 
27 
 
2.72 (1.58 – 
4.68) 
 
0.0002 
Trachea  
Present (n = 142) 
Absent  
 
84 
80 
 
58 
28 
 
1.97 (1.15 – 
3.39) 
 
0.009 
Bronchus intermedius 
Present ( n = 178) 
Absent ( n = 68) 
 
107 
57 
 
71 
11 
 
3.34 (1.73 – 
6.83) 
 
0.0002 
 
Left Main bronchus 
Present ( n = 156 ) 
Absent ( n = 94)  
 
92 
72 
 
64 
22 
 
2.28 (1.29 – 
4.02) 
 
0.003 
Right Main bronchus 
Present ( n = 33) 
Absent ( n = 217) 
 
18 
146 
 
15 
71 
 
1.71(0.82 – 
3.58)   
 
ns 
 
Right upper lobe 
bronchus 
Present (n = 87 ) 
Absent ( n = 159)  
 
48 
116 
 
39 
43 
 
2.19 (1.27 – 
3.78) 
 
0.003 
Right middle lobe 
bronchus 
Present ( n = 44) 
Absent ( n = 179) 
 
29 
127 
 
15 
52 
 
1.26 ( 0.63 – 
2.55) 
 
ns 
Right lower lobe 
bronchus 
 
5 
 
2 
 
1.11 (0.21 -  
 
ns 
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Present ( n = 7) 
Absent ( n = 221) 
153 68 5.87 ) 
Left upper lobe bronchus 
Present ( n = 30) 
Absent ( n = 214)  
 
21 
142 
 
9 
72 
 
1.18 (0.52- 2.71) 
 
ns 
Lingula bronchus 
Present ( n = 23) 
Absent ( n = 220) 
 
19 
144 
 
4 
76 
 
2.51 (0.85 – 
7.39) 
 
0.07 
Left lower lobe bronchus 
Present 
Absent 
 
8 
154 
 
2 
76 
 
2.03 ( 0.43 – 
9.48) 
 
ns 
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TABLE 3 - Specimen culture results and the requirement for enucleation 
 Enucleation no Enucleation yes p-value 
ZN positive all sources 
Yes (n = 48) 
No (n = 202)  
 
33 
131 
 
71 
15 
 
ns 
ZN positive on BAL 
Yes (n = 31) 
No (n = 209) 
 
20 
136 
 
11 
73 
 
ns 
Culture positive : all 
sources 
Yes ( n = 194) 
No ( n = 56) 
 
123 
41 
 
71 
15 
 
ns 
BAL culture positive 
Yes ( n = 109) 
No (n = 137) 
 
77 
84 
 
32 
52 
 
0.08 
Gastric washing culture 
positive 
Yes ( n = 123) 
No ( n = 87) 
 
 
71 
59 
 
 
52 
28 
 
 
0.09 
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TABLE 4 - Factors predicting for enucleation 
 Enucleation 
no 
Enucleation 
yes 
p- value 
Age (mean) 27 months 32 months 18 months < 0.01 
Sex 
Male (n 144 ) 
Female (n = 106) 
 
97 
67 
 
47 
39 
 
ns 
Weight(mean) 9.7 kg 10.6 kg 8 kg < 0.01 
Weight 
< 3p ( n= 125) 
>3p (n = 123)  
 
76 
87 
 
49 
36 
 
0.06 
Mantoux 
Positive (n = 139) 
Negative (n = 83) 
 
101 
45 
 
38 
38 
 
0.004 
Contact 
Yes (n = 153 ) 
No (n = 97) 
 
99 
65 
 
54 
32 
 
ns 
HIV 
Positive ( n = 41) 
Negative ( n = 209) 
 
28 
136 
 
13 
73 
 
ns 
Resistant TB 
Yes ( n = 28) 
No ( n = 150) 
  
 
20 
97 
 
8 
53 
 
ns 
Ventilation 
Yes (n = 22) 
No (n = 228) 
 
12 
152 
 
10 
76 
 
ns 
Node open in airway 
Yes (n = 123) 
No (n = 127) 
 
80 
84 
 
43 
43 
 
ns 
Lmb 
<75% 
>75% 
 
81 
11 
 
50 
14 
 
ns 
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Bronchus intermedius 
<75% 
>75% 
 
83 
24 
 
24 
47 
 
0.0001 
LMB < 75% and Bronchus intermeduis < 
75%  
LMB > 75% and bronchus intermedius < 
75%  
LMB < 75% and Bronchus intermeduis > 
75% 
LMB > 75% and Bronchus intermedius > 
75% 
Trachea and LMB and Bronchus 
intermedius involvement 
44 
6 
8 
1 
0 
1 
2 
24 
10 
54 
 
0.00001 
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FIGURE 1 - Response to treatment as determine by follow – up bronchoscopy 
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CHAPTER 8 
Conclusion 
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The aim of this dissertation was to study airway involvement in children with pulmonary 
tuberculosis presenting with severe airway obstruction, determine the factors which 
influence the degree of airway obstruction and to determine what the indications are for 
surgical relief of the airway obstruction.  
We describe the airway involvement in children with severe clinical and radiological airway 
obstruction due to TB lymph node enlargement as assessed by bronchoscopically 
evaluating of the airways. The commonest large airways compressed were bronchus 
intermedius and the left main bronchus. At these sites the airways are compressed 
between the hilar and subcarinal lymph nodes. This is the first time that this has been 
reported which is different from airway involvement previously reported. With previously 
reported that the opening of the right main bronchus was the most common area of 
obstruction.1 
It is fortunate that the main sites of severe airway obstruction is bronchus intermedius and 
left main bronchus and that the lymph nodes involves are the right hilar and subcarinal 
lymph nodes as these lymph nodes are accessible via a right thoracotomy enabling 
surgical relief. This justifies the surgical approach to the relief of children with severe 
airway obstruction that is life threatening or not responding to medical treatment to which 
steroids have been added.  
As a secondary outcome we attempted to determine which children had a higher risk of 
developing severe airway obstruction. Severe airway obstruction was more common in 
young children. This is ascribed to the smaller and more compliant airways. What however 
was surprising was that there was no correlation between degree and site of airway 
obstruction and HIV status. HIV infected children were not more likely to have severe 
airway obstruction. Similarly we hypothesized that the diagnosis that drug resistant TB 
would be delayed resulting in severe airway obstruction. We could however not show that 
children suffering from drug resistant children had more severe airway obstruction. What 
was however unexpected was that the a positive Mantoux skin test predicted for severe 
airway obstruction while acute phase inflammatory markers failed to do so. This leads to 
the hypothesis that the upgrading of the immune response as indicated by a positive 
Mantoux skin test results in severe airway obstruction. This hypothesis we did not test but 
would be an interesting area of research.  
Previously culture yield from BAL has always been reported to be low (10 - 28.7%); in this 
study we found a significant higher yield (44%) even with a large percentage of children 
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already on TB treatment.2–4 The yield from broncho-alveolar lavage (BAL) was significantly 
higher if the lavage was done from a lobe with pneumonic consolidation on the chest x- 
ray. The finding that Mycobacterium tuberculosis could be isolated from BAL weeks to 
months after starting anti-tuberculosis treatment is interesting, as this has not been 
reported. This finding has a practical application, as children often with uncertain 
tuberculosis not responding to treatment require investigation including bronchoscopy. In 
these children based on this finding BAL remains an important investigation. We have 
demonstrated in this study that the value of bronchoscopy is more than just a way of 
finding the collecting specimens for culture but it also allows one to evaluate the airways, 
determine if the pattern of airway compression which is highly suggestive of TB especially 
if the lymph nodes have ulcerated through the airway wall into the airways. Bronchoscopy 
has an additional role in that it allows one to determine the degree and site of airway 
obstruction that determines the medical and/or surgical treatment. It is these uses of 
paediatric bronchoscopy in the investigation of children suspected of having pulmonary 
TB.  
The accuracy of chest computer tomography (CT scan) in the diagnosis of severe airway 
obstruction due to tuberculosis is poorly described. In a series of articles we compared the 
chest CT scan findings to the findings visualized during paediatric fiber-optic 
bronchoscopy. All children with severe airway obstruction had a fiber-optic bronchoscopy 
and contrast enhanced chest CT scan. We describe a very good correlation between the 
findings of the two diagnostic techniques. CT scan data confirmed that the most common 
and severely affected airways was bronchus intermedius and the left main bronchus and 
that young children had the most severe involvement. Subcarinal lymph nodes were 
enlarged in 97% of pulmonary TB cases. This helps explains why both the left and right 
main bronchus is compressed in children with severe obstruction. In addition, chest CT 
scan demonstrated that the right hilar lymph node enlargement was common. This 
explains why bronchus intermedius compression with the bronchus compressed between 
the enlarged right hilar and subcarinal lymph nodes. This explanation has not previously 
been raised in the literature. We used 3-dimensional volume-rendered chest CT scans (3-
D VR) and found that when compared to bronchoscopy3-D VR had a good sensitivity 
(92%) and specificity (85%). This is an important observation as bronchoscopy is not freely 
available, especially in the developing world, and in its absence CT scan is an important 
modality in assessing the site and degree of airway obstruction provide important 
information in children with airway compression. Form these studies we were able to 
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calculate that very little additional information is obtained from an additional chest CT scan 
if the airway obstruction is less than 50%. For this reason I would advocate that 
bronchoscopy be done prior to chest CT scan and if there is no significant airway 
obstruction chest CT scan is not needed.  
The diagnostic yield of specimens to confirm tuberculosis is low. We have explored 
additional diagnostic tests to improve the diagnostic yield. We have described the use of 
transbronchial needle aspiration (TBNA) in children, a test not previously described in 
children, to confirm the diagnosis, especially that of tuberculosis. We were able to 
demonstrate that TBNA was safe and effective even in very young infants. A definitive 
diagnosis was made using TBNA in 54% of patients; the diagnoses made were MTB 
lymph node enlargement (n = 13), metastatic nephroblastoma (n = 1) and fibrosing 
mediastinitis (n = 1). In 25% of the cases TBNA was the sole source of the specimens 
from which the diagnosis was made. 
The second strategy we have studied is the use of GeneXpert as an additional test to 
confirm tuberculosis in children. Initial studies have been done on mostly sputum, 
nasopharyngeal aspirates and gastric aspirates. In a pilot study we demonstrate that 
GeneXpert can be successfully be performed on BAL specimens. Using this approach an 
increase in the number of cases with pulmonary TB can be increased. This adds further 
value to bronchoscopy, as GeneXpert is a rapid way of confirming the diagnosis and 
identifying RIF resistance. 
This dissertation was design to determine the optimal management of children with severe 
airway obstruction due to TB lymph node enlargement. This was the first study 
determining the incidence of children with severe airway obstruction due to tuberculous 
lymph node compression of the airways requiring transthoracic enucleation to relieve 
severe airway obstruction. We identified 3 important groups of children needing 
enucleation (1) children with severe life threatening airway obstruction, (2) children with 
critical airway obstruction as accessed at the initial bronchoscopy, (3) children with severe 
airway obstruction not responding to TB treatment and corticosteroids. In a cohort of 250 
children, 34% needed enucleation with 27% of then needing urgent enucleation, within 14 
days of presentation with the remaining 73% indicated after failing one month of medical 
treatment. We a showed a 98% success rate with transthoracic enucleation and a low 
morbidity and no mortality. The children in which enucleation were done were significantly 
younger (18 months vs. 32 months (p < 0, 01) and more likely to have a positive Mantoux 
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skin test (p =0.004). Severe airway obstruction (>75%) of bronchus intermedius (OR 2.28 
95th CI 1.29- 4.02) and left main bronchus (OR 3.34 95th CI 1.73-6.83) where the best 
predictors for enucleation. There was no increased risk of requiring an enucleation in 
children with drug resistant TB when compared to children with and drug susceptible TB. 
Similarly HIV –infected children were at no greater risk of requiring an enucleation than 
children that were HIV non-infected. 
Bronchoscopy was done after enucleation to determine the improvement in airway caliber 
enucleation had. There was a significant improvement in airway caliber of the large 
airways that followed enucleation. We were able to demonstrate that enucleation resulted 
in a more rapid improvement in airway size compared to medical treatment. The low 
postoperative complication rate was most probably related to the surgical approach used 
to enucleate the enlarged lymph nodes. In contrast to other surgical reports the approach 
we use was to decompress the lymph node by opening the capsule and removing the 
content by suction or curettage. No lymph nodes were removed. None of the patients we 
subjected to enucleation required a lobectomy or pneumonectomy and there was no major 
bleeding episodes from torn pulmonary vessels. Treatment failure seldom occurred in 
children that required enucleation with only 2% requiring re-evaluation for unresolved 
severe airway obstruction. An interesting observation was that bronchiectasis following the 
treatment of the pulmonary TB occurred in 6 patients, 5 in the medically treated group and 
1 in the group requiring enucleation. This observation did not achieve statistical 
significance possible due to the sample size. This requires further investigation. I would 
advocate that children with enlarge lymph nodes and airway obstruction which is still 
symptomatic after one month’s treatment of TB treatment and corticosteroids needs to be 
referred for further investigation and advance imaging as these children may have 
significant airway obstruction and will benefit from possible surgical intervention. The 
important areas to inspect on the chest x ray is the subcarinal area and any deviation of 
the trachea to the left. In the absence of advanced imaging these areas may yield 
important information about the presence and the significance of airway compression. This 
may be even more important in children younger than 24 months as they seen to be more 
often and more severely affected. These children have smaller airways, and they may 
become more symptomatic during intercurrent viral infection bringing them to medical 
attention. During the study period bronchoscopy was done after enucleation but this 
proved not to be necessary if the child was asymptomatic. This has led to a change in 
management and bronchoscopy is only done in child still symptomatic after enucleation.  
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Irving et al used a database of 61 chest CT scans of children with airway obstruction due 
to tuberculosis. This is the first computer-assisted detection model developed to detect 
tuberculosis in children by using airway obstruction patterns. He used automated 
segmentation and branch analysis to evaluate and classify airways in this database. This 
procedure is used to differentiate airway deformation and stenosis from lymphadenopathy 
in children with tuberculosis and can be used as a computer-assisted detection of airway 
pathology. Once a dataset of airways has been segmented and the structure analysed, the 
dataset can be used to train a classifier to distinguish between normal and abnormal 
airway variations. This method was tested using cross-validation on a dataset of 61 
patents with and without tuberculosis. The method was able to distinguish between 
patients with and those without tuberculosis with a sensitivity of 86% and a specificity of 
91%. This method may be of significant advantage in areas where bronchoscopy is not 
available or patients too sick to be investigated by bronchoscopy. In future it may be 
possible to apply these methods to chest x rays in helping with the diagnosis of 
tuberculosis  
Conclusion 
In this thesis I was able to demonstrate that paediatric bronchoscopy has an important role 
to play in accurately assessing the site and degree of airway narrowing due to TB lymph 
node compression. The correct assessment is essential in determining whether the 
affected child requires surgical or medical treatment. There was a statistically significant 
correlation between bronchoscopic and Chest CT scan findings with both of these 
investigations identifying bronchus intermedius and the left main bronchus as the most 
common sites as well as the most severely compressed regions of the airways. One third 
of children with clinical and radiologically significant airway narrowing will need surgical 
intervention. The outcome of surgery was excellent resulting in significant improvement in 
airway size with low morbidity and no mortality. The diagnostic yield during bronchoscopy 
was been improved by the application of TBNA and GenXpert, although there is still 
significant room for improvement. Computer-assisted modeling of airway narrowing may in 
future a useful addition to the diagnosis of pulmonary TB in children as well as determining 
the site and degree of airway narrowing. Developing computer-assisted diagnostic models 
could potentially be of tremendous benefit to children residing in regions where paediatric 
bronchoscopy is not available. New diagnostic tests are urgently needed and especially 
non-invasive tests. The new tests will have to be evaluated against a gold standard and 
this where the increased diagnostic yield of paediatric bronchoscopy will, amongst other 
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diagnostic tests, continue to play an important role. New diagnostic and the studies to 
determine their accuracy are urgently required 
Future/on-going research 
Future studies will evaluated the role of GeneXpert on BAL to determine what it role is in 
the diagnosis of PTB, especially in children that is already on TB treatment. Since Xpert 
detects MTB DNA from both live and dead mycobacteria, it may therefore remain positive 
for longer than culture after initiation of treatment and may guide appropriate therapy. We 
will also look at other factors that determine a positive GeneXpert. As BAL is unlikely to be 
repeated as with other samples used for GeneXpert it is important to determine what the 
correct volume of samples is for the best possible results and also where this samples was 
taken from. 
Chest CT scans is associated with significant risk of radiation and because of this reason 
Chest CT-scans cannot be repeated in the management of patients. MR scan is not 
associated with risk of radiation and in future studies we want to evaluate the information 
gained from MR scanning in children with significant airway obstruction and if this scans 
can in future replace the use of CT scans. 
Positron emission tomography (PET) with 2-[fluorine-18]fluoro-2- deoxy-d-glucose (FDG ) 
is use in adult and pediatric oncology patients and its use is well documented 18F FDG is 
a glucose analog labeled with a positron- emitting isotope, F (fluorine)–18, this is 
transported into cells by glucose transporters and trapped within the cell. This happens in 
malignant tissue but also in nonmalignant inflammation and infection. The role of FDG 
scan in children with tuberculosis need to be studied. These scans may be used to localize 
lesions for biopsy, may determine if PTB is present or active and may exclude PTB. These 
scans may be expensive and may expose the patient to radiation but may be of important 
value if drug resistance is expected.  
Endobronchial ultrasound guided transbronchial needle aspiration (EBUS-TBNA has been 
preformed in older children as an alternative to invasive surgical biopsy in children with 
mediastinal pathology.5 The EBUS scope has an outer diameter of 6.9 mm which limits its 
use to adults and adolescents. Although there is no EBUS bronchoscope currently 
available for children, it is possible to use ultrasound probes are passed via the working 
channel. This needs to be studied in comparison to blind TBNA if this increases the yield 
of TBNA. Secondly we sampled only the subcarinal area and not the other lymph node 
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groups. With the use of ultrasound probes it may be possible to sample these groups of 
lymph nodes and increase the yield from this intervention. Repeating the GeneXpert after 
TBNA may be theoretically of value as more bacilli may be released in the airway lumen 
after TBNA but this need to be tested.  
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ABSTRACT 
BACKGROUND: Tuberculous meningitis (TBM) is diagnosed based on a combination of 
clinical, laboratory, and radiological findings, including signs suggestive of tuberculosis 
(TB) on a standard chest radiograph.  
METHODS: We describe the radiological features suggestive of intra-thoracic TB in 
children diagnosed with TBM during a prospective evaluation of meningitis suspects seen 
at Tygerberg Children’s Hospital, Cape Town, South Africa.  
RESULTS: Of 84 children treated for TBM, 31 (37%) had ‘definite’ TBM, 45 (55%) 
‘probable’ TBM and 8 (9%) ‘possible’ TBM. In total, 37 (44%) TBM patients had chest 
radiograph findings suggestive of TB; 9 (11%) with disseminated (miliary) TB. Only 1 in 
4.39 children ≤3 years of age with TBM had suggestive chest radiograph findings. The 
presence of complicated intra-thoracic lymph node disease was significantly higher in 
children ≤3 years of age, odds ratio 21.69 (95% confidence interval 2.73-172.67); p <0.01. 
Among 6 HIV-infected children, 3 (50%) had intrathoracic lymphadenopathy.   
CONCLUSION: The majority of children with TBM, including the very young, did not have 
signs suggestive of TB on chest radiograph.  
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INTRODUCTION 
Globally there were an estimated 8.6 million new cases and 1.3 million deaths from 
tuberculosis (TB) in 20121. TB is predominantly a pulmonary disease, but extrapulmonary 
involvement is particularly common in young children and in immunocompromised 
individuals2. Central nervous system (CNS) involvement, mostly tuberculous meningitis 
(TBM), accounts for approximately 1% of all TB cases3. TBM is the most devastating 
manifestation of TB and early treatment initiation is critical to achieve optimal outcomes4. 
In clinical practice, diagnosis is hampered by non-specific clinical features and sub-optimal 
accuracy of existing diagnostic methods5-9, therefore TBM is mainly diagnosed based on a 
combination of clinical, laboratory, and radiological findings.  
A uniform research case definition was proposed by an international panel of experts, 
categorizing patients as definite, probable, or possible TBM (Table 1)10. Chest radiograph 
findings are included within the scoring criteria. Previous observations suggest that chest 
radiograph findings consistent with active pulmonary TB are observed in 30% to 65% of 
adults with central nervous system TB11-13. Chest radiograph evidence of TB in children 
with TBM is usually considered to be more frequent, ranging from 70% of HIV-uninfected 
to 84% of HIV-infected children diagnosed with TBM14. In the group of children with TBM 
and HIV co-infection, hilar lymphadenopathy, pleural effusion and cavity formation was 
significantly increased compared to HIV uninfected children14.  
We aimed to describe the radiological features and frequency of chest radiograph signs 
suggestive of TB in children with TBM. 
Methodology 
This prospective descriptive cross-sectional study was conducted at Tygerberg Children’s 
Hospital, South Africa, a major referral centre for Cape Town and surrounding areas. 
Children were enrolled between January 2010 and January 2014. Inclusion criteria were 1) 
age 3 months to 13 years 2) clinical suspicion of TBM 3) CSF evaluation 4) chest 
radiograph performed at admission 5) written consent from the caregiver and assent if the 
child was older than 7 years and competent to do so. The study was approved by the 
Human Research Ethics Committee of Stellenbosch University, South Africa (study nr. 
N11/01/006). 
Clinical procedures 
All patients underwent a comprehensive clinical evaluation. Routine investigations 
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included full blood count, basic biochemistry, human immunodeficiency virus (HIV) 
screening, tuberculin skin test (TST), microbiological analysis of sputum or gastric 
washings, bacterial blood culture, chest radiography and neuroimaging (if clinically 
indicated). Chest radiographs were independently interpreted by a pediatrician and an 
experienced pediatric pulmonologist, using a standard reporting form. Findings were 
categorized as certain TB, uncertain TB or not TB. Intra-thoracic lymph node disease was 
classified as either uncomplicated or complicated, accordingly to a radiological 
classification of childhood intrathoracic tuberculosis, using a structured approach to 
interpretation and recording chest radiograph findings15. Airway compression was defined 
as either compression of the trachea, left main bronchus or bronchus intermedius. 
Parenchymal changes were defined as either consolidation (including expansile 
pneumonia) or miliary. 
Case definition of tuberculous meningitis 
A diagnosis of TBM was based on the proposed uniform research case definition (Table 
1)10. TBM was classified as ‘definite’ when CSF demonstrated acid-fast bacilli, positive M. 
tuberculosis culture and/or positive M. tuberculosis commercial nucleic acid amplification 
test (NAAT). TBM was classified as ‘probable’ when patients scored ≥ 12 when 
neuroimaging was available and ≥10 when neuroimaging was unavailable. TBM was 
classified as ‘possible’ when a patient had a diagnostic score of 6–11 when neuroimaging 
was available and 6–9 when neuroimaging was unavailable10.  TBM was staged according 
to revised British MRC criteria as: Stage I) Glasgow Coma Scale (GCS) of 15 and no focal 
neurology, Stage IIa) GCS of 15 plus focal neurology, Stage IIb) GCS of 11-14 with focal 
neurology and Stage III) GCS <1116,17. All patients diagnosed with TBM were treated with 
a standard short-course regimen18. 
Statistical analysis 
Data analysis was performed using SAS (Statistical analysis system) version 9.1 (SAS 
Institute Inc., Cary, North Carolina, USA). Frequencies were obtained for chest radiograph 
findings, stratified for TBM stage. An unweighted kappa statistic was used to assess inter-
observer agreement. Comparison was made, using the X2 test with a p-value <0.05 
considered statistically significant. Chest radiograph criteria were further compared 
between children ≤3 years and age >3 years and odds ratios determined. A need to treat 
calculation was used to reflect the number of TBM patients ≤3 years of age with “certain 
TB” on chest radiograph evaluation. 
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RESULTS 
In total 84 children met the inclusion criteria; 31 (37%) had ‘definite/microbiologically-
confirmed’ TBM, 45 (55%) had ‘probable’ TBM and 8 (9%) had ‘possible’ TBM10. 
According to revised British MRC TBM staging criteria, 12 (14.3%) had stage I, 13 (15.5%) 
stage IIa, 30 (35.7%) stage IIb and 29 (34.5%) stage III disease. Tuberculin skin testing 
was positive in 24 (28.6%) TBM patients, of whom 11 had certain pulmonary TB on chest 
radiograph, 10 had no visible abnormality, and 3 had inconclusive signs. HIV co-infection 
was identified in 6 patients. Of these, 3 had no radiographic evidence of pulmonary TB. Of 
the three HIV-infected patients with abnormal chest radiograph, one had isolated lymph 
node involvement, one lymph node involvement plus lobar pneumonia and the third lymph 
node involvement plus a miliary picture.  
A summary of chest radiograph findings is reflected in table 2. Inter-reviewer variability 
between the pediatrician and pediatric pulmonologist was minimal (unweighted kappa 
statistic 0.62 95% confidence interval (CI) 0.46-0.79); differences were resolved by 
consensus. The proportion of ‘certain TB’ and miliary TB on chest radiograph was 44% 
(37/84) and 11% (9/84) when including all TBM categories; 39% (12/31) and 13% (4/31) 
respectively in those with microbiologically-confirmed TBM. Among those with 
microbiologically-confirmed TBM, 1/31 (3%) had acid-fast bacilli on microscopy, 13/31 
(42%) were M. tuberculosis culture positive, and 27/31 (87%) were confirmed by 
commercial NAAT (Either GenoType MTBDRplus® assay and/or GeneXpert MTB/RIF® 
assay). M. tuberculosis was cultured in gastric washings from 27 patients; 10 with 
microbiologically-confirmed and 17 with ‘probable’ TBM. No significant differences were 
observed when comparing chest radiograph findings in children with different stages of 
TBM.   
Chest radiographs were more frequently indicative of TB in very young children (≤3 years 
of age) compared to older children (>3 yrs); 25/46 (54%) versus 12/38 (32%) (odds ratio 
(OR) 2.58 (95 % CI 1.05-6.33; p=0.04 (Table 3). Chest radiograph findings in children ≤3 
years of age were more likely to include complicated intra-thoracic lymph node disease 
(OR 21.69; 95% CI 2.73-172.67), and the presence of airway compression (OR 17.90; 
95% CI 2.24-143.27) than in older children. Despite the fact that chest radiographs were 
most informative in young children, only 1 in 4.39 children ≤3 years of age had “certain TB” 
on chest radiograph evaluation.   
DISCUSSION 
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The main finding in this study is the lower percentage of chest radiograph findings highly 
suggestive of pulmonary TB in children with TBM, compared to the study by van Weert et 
al. (44% vs 70%)14, with a need to treat calculation showing that only 1 in 4.39 children ≤3 
years of age with TBM are likely to have ‘certain TB’ on chest radiograph. The lower 
proportion of ‘certain TB’ in our study compared to van Weert et al could potentially be 
explained by our 2 reviewers reaching consensus on chest radiograph findings, thereby 
minimizing the possibility of over-reporting of chest radiograph findings.14 Another possible 
reason could be the difference in the study cohort, with 28% of our TBM group having 
positive tuberculin skin testing compared to 62% in the HIV-uninfected TBM group of the 
study by van Weert et al.14  
A normal chest radiograph was found in almost half (46%) of children clinically diagnosed 
with TBM, and in 52% of cases with microbiologically-confirmed TBM. The poor diagnostic 
sensitivity of chest radiography in children with TBM implies that it cannot be used as a 
rule-out test, even in combination with TST and may impact the scoring of future 
diagnostic algorithms. The suggested uniform TBM research case definition incorporates 
chest radiograph findings as part of the scoring criteria10. The score weighting of a miliary 
pattern is higher than that of active TB on chest radiograph (excluding miliary TB). Our 
finding that hilar lympadenopathy is the more common finding of ‘certain TB’ on chest 
radiograph, in both suspected and definite TBM, suggests that its weighting may have to 
be reconsidered. 
The most common radiological findings in young children (<5 years) with pulmonary TB is 
hilar or paratracheal lymph nodes19. This age group also has a higher risk for developing 
lympho-bronchial TB due to small airway size15. Our finding that intrathoracic lymph nodes, 
complicated lymph node disease and airway compression were significant more common 
in children ≤3 years, confirms that this is the predominant radiological finding in young 
children. TBM stage did not affect the radiographic picture. Although chest radiography 
has limited sensitivity, the fact that ~50% of patients do have suggestive chest radiograph 
findings and 16/84 (19%) had radiological evidence of airway compression highlights the 
need for pulmonary assessment, including flexible bronchoscopy if indicated20. The 
smaller percentage of TBM patients with airway compression, compared to those reported 
for all TB cases (41-63%)21-23, could possibly be explained by differences in the immune 
response between pulmonary TB in isolation versus pulmonary TB in the setting of CNS 
involvement. A better understanding of immunology in CNS TB is warranted3.  
Inter-observer variability is a well-recognized problem in the interpretation of chest 
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radiographs in children with pulmonary TB. Swingler et al. have reported difficulty in 
distinguishing lymphadenopathy from a normal thymus and were not able to distinguish 
normal from pathological nodes24. The areas most reliable for lymphadenopathy were the 
right hilum and subcarinal area25. 
A limitation of our study was the small number of HIV co-infected patients (7%), which did 
not allow separate statistical analysis of this group. This low percentage is consistent with 
a previous study that found that only 7% of 123 children with clinically diagnosed TBM had 
HIV co-infection26. The number of microbiologically-confirmed TBM cases (31/84) were 
low, but is not unexpected in a cohort of this age group5-9. CSF NAATs offered improved 
sensitivity (27/84; 32.1%), compared to CSF culture (13/84; 15.5%) and a potential for 
same day diagnosis; described in detail in a separate manuscript27. A further limitation is 
that all the chest radiographs were from patients with TBM.  
The main finding of this study is that about half of the children diagnosed with TBM had a 
normal chest radiograph. Significant chest radiograph findings in children ≤3 years of age 
were intrathoracic lymph nodes and the presence of airway compression. Apart from a 
lower proportion of airway compression, the radiological findings of pulmonary TB in the 
setting of TBM, irrespective of stage of disease, did not differ from those reported for 
pulmonary TB in isolation. Signs suggestive of TB on a chest radiograph provide valuable 
supportive evidence for TBM in a patient suspected of having the disease. In cases with a 
normal chest radiograph, the diagnosis of TBM is dependent on brain imaging, 
cerebrospinal fluid findings and microbiological confirmation. 
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Table 1 
Diagnostic criteria in the uniform TBM research case definition10 
 Diagnostic score 
Clinical criteria (Maximum category score=6) 
Symptom duration of more than 5 days 4 
Systemic symptoms suggestive of TB (1 or more of 
): weight loss/(poor weight gain in children), night 
sweats or persistent cough > 2 weeks 
2 
History of recent close contact with an individual 
with pulmonary TB or a positive TST/IGRA in a child 
<10 years 
2 
Focal neurological deficit (excluding cranial nerve 
palsies) 
1 
Cranial nerve palsy 1 
CSF criteria (Maximum category score=4) 
Clear appearance 1 
Cells: 10–500 per μl 1 
Lymphocytic predominance (>50%) 1 
Protein concentration greater than 1 g/L 1 
CSF to plasma glucose ratio of less than 50% or an 
absolute CSF glucose concentration less than 
2·2mmol/L 
1 
Cerebral imaging criteria (Maximum category score=6) 
Hydrocephalus 1 
Basal meningeal enhancement 2 
Tuberculoma 2 
Infarct 1 
Pre-contrast basal hyperdensity 2 
Evidence of tuberculosis elsewhere (Maximum category score=4) 
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Chest X-ray suggestive of active TB (excluding 
miliary TB) 
2 
Chest X-ray suggestive of miliary TB 4 
CT/ MRI/ US evidence for TB outside the CNS 2 
AFB identified or M.tuberculosis cultured from 
another source i.e. lymph node, gastric washing, 
urine, blood culture 
4 
Exclusion of alternative diagnoses- An alternative diagnosis must be confirmed 
microbiologically, serologically or histopathologically 
Definite TBM = AFB seen on CSF microscopy, positive CSF M.tuberculosis culture, 
or positive CSF M.tuberculosis commercial NAAT in the setting of symptoms/signs 
suggestive of meningitis; or AFB seen in the context of histological changes 
consistent with TB brain or spinal cord together with suggestive symptoms/signs and 
CSF changes, or visible meningitis (on autopsy). 
Probable TBM = total score of ≥12 when neuroimaging available 
                         = total score of ≥10 when neuroimaging unavailable 
Possible TBM = total score of 6-11 when neuroimaging available 
                         = total score of 6-9 when neuroimaging unavailable 
 
TBM- tuberculous meningitis, TB- tuberculosis, TST- tuberculin skin test, IGRA- interferon 
gamma-release assay, CSF- cerebrospinal fluid, CT- computed tomography, MRI- 
magnetic resonance imaging, US- ultrasound, AFB- acid-fast bacilli,  NAAT- nucleic acid 
amplification test 
Stellenbosch University  https://scholar.sun.ac.za
  283 
Table 2 
Demographics and chest radiograph findings in 84 children with childhood TBM 
Demographics  n/N (%) 
Male 43/84 (51) 
Age group  
    ≤3 years 46/84 (55) 
    >3 years 38/84 (45) 
Chest radiograph findings  
Normal CXR 39/84 (46) 
Abnormal CXR (not TB) 5/84 (6) 
Abnormal CXR (Uncertain TB) 3/84 (4) 
Abnormal CXR (certain TB) 37/84 (44) 
Miliary TB 9/84 (11) 
Parenchymal consolidation 15/84 (18) 
Intrathoracic lymphadenopathy  32/84 (38) 
Paratracheal  16/84 (19)  
Hilar  24/84 (29) 
Complicated lymph node disease 18/84 (21) 
Airway compression  16/84 (19) 
Bronchus intermedius 8/84 (10) 
Left main bronchus 8/84 (10) 
 
TBM= tuberculous meningitis, CXR= chest radiograph, TB= tuberculosis 
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Table 3  
Chest radiograph findings in children investigated for TBM, comparing very young 
(≤3 years) to older children 
 
≤3 
years 
(n=46) 
>3 years 
(n=38) 
Odds ratio (95% 
CI) 
p-value 
Normal CXR 17 22 0.43 (0.18-1.03) 0.06 
Abnormal CXR (not TB) 3 2   
Abnormal CXR (Uncertain TB) 1 2   
Abnormal CXR (certain TB) 25 12 2.58 (1.05-6.33) 0.04 
Miliary TB 5 4 1.04 (0.26-4.17) 0.96 
Parenchymal 
consolidation 
12 4 3.00 (0.88-10.24) 0.07 
Intra-thoracic 
lymphadenopathy 
23 9 3.22 (1.25-8.29) 0.02 
Complicated lymph node 
disease 
17 1 21.69 (2.73-172.67) <0.01 
Airway compression (any) 15 1 17.90 (2.24-143.27) <0.01 
 
TBM= tuberculous meningitis, CI= confidence interval, CXR= chest radiograph, TB= 
tuberculosis, LAD= lymphadenopathy 
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List of abbreviations 
3D-VR 3-dimensional volume-rendered CT scans 
ADA adenosine deaminase 
AIDS acquired immunodeficiency syndrome 
AP anteroposterior  
BAL broncho-alveolar lavage 
BALF broncho-alveolar lavage fluid 
BCG Bacillus Calmette-Guerin 
BEF broncho-esophageal fistula 
BI bronchus intermedius 
BOF broncho-oesophageal fistula 
BPF bronchopleural fistula 
CMV convential mechanical ventilation 
CPR curved plane reformation 
CRP C-reactive protein 
CT computed tomography 
CXR chest radiograph 
EBUS-TBNA endobronchial ultrasound-guided TBNA 
ECMO extracorporeal membrane oxygenation 
ETB endobronchial TB 
ETH ethionamide 
FB fiberoptic bronchoscopy 
FB flexible bronchoscopy 
FTB fibreoptic tracheobronchoscopy 
GA gastric aspirate 
HFOV high frequency oscillatory ventilation 
High-KV high kilovolt 
HIV human immune deficiency 
HU Hounsfield unit 
ICU intensive care unit  
INH isoniazid 
IRIS immune reconstitution inflammatory syndrome 
LA-PDM local airway point distribution model 
LBTB lymphobronchial TB 
Stellenbosch University  https://scholar.sun.ac.za
  290 
LDA linear discriminant analysis 
LDH lactate dehydrogenase 
LLL left lower lobe 
LLLB left lower lobe bronchus 
LMA laryngeal mask 
LMB left main bronchus 
LOOCV leave-one-out cross validation 
LUL left upper lobe  
LULB left upper lobe bronchus 
MCV mean corpuscular volume 
MDCT multidetector-row spiral computed tomography 
MDR multi-drug resistance 
MIP/MinIP maximum and minimum intensity projections 
MMF mycopheylate mofetil 
MPR multiplanar reformation 
MRI Magnetic resonance imaging 
PCA principal component analysis 
PCP Pneumocystis jiroveci pneumonia 
PCR polymerasechain reaction 
PDM point distribution models 
PICU pediatric intensive care unit 
PTB pulmonary tuberculosis 
RLL right lower lobe  
RLLB right lower lobe bronchus 
RMB right main bronchus 
RML right middle lobe 
RMLB right middle lobe bronchus 
RMP rifampicin 
RUL right upper lobe 
RULB right upper lobe bronchus 
SA South Africa 
SSD shaded surface display 
TB tuberculosis 
TBNA trans-bronchial needle aspiration 
TPS thin plate spline 
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TST tuberculin skin test 
VR volume rendering 
WHO World Health Organization 
ZN Ziehl Neelsen 
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